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COMPARTMENTAL CONTENTS AND SIMULTANEOUS 
TRANSFER RATES OF PHOSPHORUS IN THE RAT 


By LOUIS C. LAX, SAUL SIDLOFSKY anny GERALD A. WRENSHALL 


From The Banting and Best Department of Medical Research, 
University of Toronto, Canada 


(Received 6 September 1955) 


Turnover of a metabolic factor in any selected compartment of a living system 
can be caused by chemical transformations within the compartment, by physi- 
cal transfer into and out of the compartment, or by a combination of these two 
processes. When, as is done in this paper, measurements are made of the total 
content in a tissue of a metabolically indestructible factor such as phosphorus, 
the turnover which is measured must represent that caused by transfer alone. 

While knowledge of turnover caused by transfer is of basic importance to all 
sections of the field of physiology, it is only in recent years that methods and 
adequate experimental means have become available for the measurement of 
transfer rates. Where a non-metabolized factor such as inulin or mannitol is 
transferred out of, but not back into, a living system of compartments by the 
kidneys, it is now possible to measure the rates of such transfer (filtration). The 
bases employed for such measurements have been reviewed by Berliner (1954). 

The above example is the exception rather than the rule in multicellular 
biological systems. Generally, transfers between two compartments within 
the body occur simultaneously in opposite directions, but not necessarily at 
the same rates. Such rates cannot be measured directly without disrupting 
the metabolic system under study. The basic problems which must be over- 
come in the measurement of such rates within living systems have been 
reviewed recently by Wilde (1955). 

Sheppard & Householder (1951) have developed a mathematical basis for 
the measurement, by means of tracer substances, of ‘turnover’ rates of 
a metabolic factor in each compartment of a mammillary system of compart- 
ments within which the factor is assumed to be in a state of dynamic equi- 
librium. (A mammillary transfer system of compartments is one in which 
spatially separated compartments exchange with each other only by way of 
a central compartment. The terms ‘mammillary’ and ‘centrally exchanging 
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are used interchangeably in this paper.) Their rates are expressed in terms of 
velocity constants, and the basis for rate measurement does not include the 
open systems of multicellular organisms as described by Bertalanffy (1950). 

A working basis for transfer rate measurement in biological and other 
systems which is not limited by the above special conditions has been 
described by Wrenshall (1955). It has proven adequate for the measurement 
of transfer rates between compartments of hydrodynamic systems (Lax & 
Wrenshall, 1953; Schachter, 1955). 

An application of this theory is made in this paper to the in vivo measure- 
ment, in absolute units, of transfer rates of total phosphorus within the fasting 
adult male Wistar rat, subdivided into a central and fifteen peripheral mam- 
millary compartments. The phosphorus mass of the central mamillary com- 
partment is computed from measurements made on the trichloroacetic-acid- 
soluble phosphorus of plasma. Values for the circulating whole blood volume 
and plasma volume are calculated from the trichloroacetic-acid-insoluble 
phosphorus mass of plasma. The amount of central mammillary compart- 
ment phosphorus present in each organ after death (by exsanguination) is 
calculated, and the net peripheral compartmental contents of phosphorus 
are also determined. 

METHODS 
The experiment was performed using twenty-four normal adult male Wistar rats with an average 
weight of 197 g (s.D.+4-3%). 

Three rats which had been fasted overnight for 16 hr served as donor animals. Each received 
2-0 me of radiophosphorus (**P) by stomach tube in a volume of 1-2 ml. as an inorganic sodium 
phosphate solution in isotonic saline. Three hours later the animals were killed under ether 
anaesthesia by opening up the chest wall and removing as much blood as possible by suction from 
the beating heart (exsanguination). Using heparinized tubing and glassware, a total volume of 
14-5 ml. of plasma containing 1-06 uc **P/ml. was obtained from the three animals. This donor 


plasma was injected by tail vein into twenty-one recipient rats which were in the postabsorptive . 


state, following a 24 hr fast. Each animal received 0-25 ml. of labelled plasma/100 g body weight. 
The average dose per animal was 0-52 uc **P. The total amount of phosphorus contained in this 
dose was 0-059 mg, which amounted to only 03% of the amount of phosphorus in the central 
mammillary compartment. The total radioactivity in this small dose was found to be adequate for 
=P measurements in all compartments investigated. 

Before injection of *P-labelled plasma each animal was made to pass urine by pressure. They 
were then housed individually in metabolism cages and allowed to drink water ad lib., but were not 
given any food. The trays beneath the cages were lined with watertight plastic sheeting for the 
quantitative collection of urine. This permitted the estimation of urinary phosphorus from the time 
of injection to the time of death. 

Nine groups of animals were exsanguinated under ether anaesthesia at 10, 25, 50, 85, 130, 185, 
250, 325 and 410 min after administration of **P-labelled plasma. Three animals were used for each 
of the times 25, 185 and 410 min, and two animals were used for every other point. The organs 
of each group were pooled for combustion and analysis with the following one exception. Deter- 
minations on the individual organs of each animal in the 185 es group were done to provide 
approximate measures of the scatter in values. 

An average volume of 8 ml. whole blood was obtained per rat. This was centrifuged, and the 
ratio: (plasma volume/packed blood cell volume) was calculated for each sample. The plasma was 
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removed from the red and white blood cells in each case and treated with 10% trichloroacetic acid 
(TCA) to separate the TCA-soluble phosphorus from the TCA-insoluble phosphorus. 

The remainder of the animal was divided by gross dissection into the following organ-compart- 
ments: I, heart; 2, kidneys; 3, brain; 4, lungs and trachea; 5, spleen; 6, liver; 7, gastro-intestinal 
tract; 8, muscle; 9, bones and teeth; 10, depot fat (including adherent scapular, axillary, mesen- 
teric, perirenal and testicular fat and pancreas); 11, testes (including also spermatic cords and 
seminal vesicles); 12, skin or pelt (shorn of hair); 13, remainder (thymus, thyroid and salivary 
glands and eyes). The last compartment was included in order to recover all of the injected ®P, 
and to measure the total body phosphorus. 

The quantitative collection of urine has already been mentioned. On the basis of the findings of 
others (Cohn & Greenberg, 1938), the rate of excretion of **P in the faeces for an experiment of this 
length of time was considered to be negligible. The degree of consistency found in the rates and 
compartmental contents on application of cross-checks to be described in the discussion is further 
evidence that the error introduced into the experiment by exclusion of faeces as a compartmental 
entity is negligible. 

All organs were weighed on dissection. The gastro-intestinal tract was washed free of faeca 
matter with isotonic saline before being treated further. After the removal of the organs, the 
remainder of the carcass was heated for 1 hr at a steam pressure of 1 kg/cm*, and all the bones and 
teeth were separated from the body muscle by dissection. The shorn skins were heated at the same 
pressure and for the same length of time as the carcasses, in order to break up the collagen 
material, They were then cut into small pieces with scissors and homogenized with de-ionized 
water for 30 min in a blender. Muscle was also homogenized in a similar manner. Aliquots were 
taken of the homogenates and digested in Kjeldahl flasks with hot concentrated nitric acid. 

All other organs were digested, using as little concentrated nitric acid as possible until all organic 
matter was dissolved and clear solutions were obtained. The digests were next made up to volume 
with de-ionized water and aliquots taken for measuring *P activity and total phosphorus. 

Aliquots from the digest solutions were deposited on filter-papers placed on thin watertight 
squares of plastic sheeting and allowed to dry by evaporation. Each filter-paper and ite supporting 
plastic base was then sealed into a square envelope made of thin plastic material. Appropriate 
dilutions of the **P-labelled plasma used for injections served as standards in all radioactivity 
measurements in order to eliminate the effects of radioactive decay. Measurements of the radio- 
active intensity of each sample relative to the intensities of standards were made in succession, 
with each sample mounted in a fixed drumhead position under an end-window Geiger-Miiller tube. 
The strength of each sample, relative to the standards, was measured a sufficient number of times 
to obtain a standard error of +5% or less. The amount of tracer in any compartment was com- 
puted as the percentage of the total injected dose of **P. Total phosphorus was determined in each 
of the compartments by the method of King (1932), using a spectrophotometer at a wavelength of 
730 my. 

The calculation of phosphorus transfer rates from the specific activity and total phosphorus 
values is based on the assumption that the groups of animals used in this experiment were 
equivalent in all respects at the time of intravenous administration of **P-labelled plasma, How- 
ever, since the animals were killed at different times after the injection of label, progressive deple- 
tions or accumulations of phosphorus in any given organ-compartment may have occurred. These 
would be caused by the transfer of phosphorus between compartments or out of the system. 

While an inbred strain of rats closely matched as to body weight and nutritional status was used 
in the present study, biological variations from animal to animal in the total body phosphorus and 
in the amount within each organ was still found to represent an important source of error in the 
measurement of rates of phosphorus transfer out of each compartment. In order to minimize 
this error, the measured amount of phosphorus (P) in each organ-compartment of a given 
group of animals was normalized so that the sum of the normalized values equalled the average 
total body P/rat (1184 mg P). Specific activities were calculated using the measured values 
of P, 
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Linear time functions were fitted to the total amount, N,,,, of P in each organ-compartment 
by the method of least squares. From these functions the total amount of P in each organ- 
compartment, (N,.)o, extrapolated back to the time of intravenous injection of *P-labelled 
plasma, (¢=0), was found. The average rate of change of total P in each organ-compartment, 
(AN ,,.,/dt), was found from the slope of the corresponding NV, versus time (¢) function. The term 
‘net phosphorus content of an organ-compartment’, N,,,, will be used to describe the amount of 
P remaining in an organ-compartment after the associated central compartment P has been 
subtracted from the total P content of the compartment. 

The sum of the percentages of **P recovered in the different organ partments, for each group 
of rate, was normalized to 100%. The specific activity of the total P in a compartment, »,., was 
computed as the percentage of normalized **P in the compartment divided by the measured total 
P in the compartment. In some cases, linear or logarithmic time functions were fitted to the 
specific activity versus time data by the method of least squares, and in other cases curvilinear 
functions were fitted by eye. thane wine Sound. to sero 
time for the specific activity of total P within the organ t » (Yeot.)o» and for the rate of 
change of this specific activity (dy. /dt),. The extrapolations were made from times following the 
initial period of non-uniform intermixing of Pand **P in the central mammillary compartment. The _ 
term ‘net specific activity of the phosphorus within an organ-compartment’, y,,,, Will be used to 
describe the specific activity due to **P remaining in the organ after the activity due to associated 
central compartment **P has been subtracted. 

Using a standard procedure described by Kaplan (1955) for the resolution of summed exponen- 
tial terms, a time function was fitted to the data for the specific activity, y,, of the TCA-soluble 
plasma P between zero and 410 min following the injection of *P-labelled plasma. The experi- 
mental points to which the function was fitted were determined as weighted mean values from 
specific activities calculated by direct measurement of the TCA-soluble plasma P and those 
determined indirectly from the differences in the measured concentrations of P and *P in total 
and TCA-insoluble plasma P. The direct and indirect measurements were weighted in the propor- 
tion 2:1 respectively. 


RESULTS 


In the donor plasma that was used for injection, 94-5 % of the **P was found to 
be present as TCA-soluble P and 5-51% as TCA-insoluble P. 

The measured total P values for the organ-compartments are given in 
Table 1, together with the normalizing factors used. The percentages of 
injected **P/organ, normalized to 100°, **P injected, are given in Table 2, 
together with the normalizing factors used. Values for the total and net 
specific activities and the total P of the organ-compartments, and their rates 
of change extrapolated back to time of intravenous injection of **P-labelled 
plasma, are given in Table 3. 

The rate of excretion of P was measured as the slope of the straight line of 
best fit between total urine P, V,,, measured in mg, and the time, ¢, measured 
in minutes, following the intravenous injection of **P-labelled plasma. Thus 


N,, = —0-344+ 12-3 x 10-% (1) 
and hence 


dN 


= ; mg P/min=1-04 x 10-*% of the total body P/min. 
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TaBuie 2, Percen reco f injected **P/organ in the 200 fasting male Wistar rat 
to 100% Injected *P) 
Time (min) from injection of **P-labelled plasma 


Organ-compartment 25 60 8 130 185 250 325 410 


TCA-insoluble 0-116 0-0969 0-0959 0-0602 0-0424 00298 0-0281 0-0298 
plasma P* 
Blood plasma Pt 2-14 145 0-82 075 0-57 0-46 0-47 0-34 
ood cellst 2-22 0-92 2-55 2-16 1-16 2-49 1-50 1-27 
Heart 030 80-37 0-48 044 O46 0-28 0-39 
Kidneys 1-29 1-60 1-73 1-26 1-22 1-05 1-32 1-06 
Brain 006 O05 0-09 010 O14 #£=©12 0-10 0-12 
Lungs and trachea 038 075 0-65 074 O47 O83 066 0-58 
) 0-28 128 086 063 0-31 0-61 1-36 1-21 
Liver 327 1114 1490 1287 1457 10-48 12:80 8 9-20 
G.1.-tract 0-74 0-71 0-81 0-90 1-47 1-26 1-35 1-73 
Muscle 1518 17-21 1960 20-82 17:25 21-60 19:24 17:27 
Bones and teeth 56-95 46-75 47:10 4483 50:35 47:10 45:45 49-80 
Depot fat 0-93 130 0-94 1-17 1-03 1-34 2-00 1-26 
Testes 0-72 O29 0-56 046. 035 O35 £041 0-43 
Skin 15:26 1240 8-25 8-96 7-34 8-01 5-74 6-85 
Remainder 0-26 0-79 860-76 0-83 065 O59 O85 0-70 
Urineft 0-13 305 0-04 3-12 3-09 80 


3- 6 
Normalizing factor used 0-892 0-872 0911 0-804 0-861 0-770 0-844 0-872 


* Percentage injected *P/ml. plasma. 
t Percentage of injected *P in blood withdrawn at time of death. 
¢t Cumulative values at times designated. 


TaBLz 3. Total and net values for specific activity and total P mass and their derivatives 
with respect to time extrapolated to t=0 for each organ-compartment 


Rate of change of 
Extrapolated specifi specific activity Extrapolated of change 
at time t=0 total P to total P 
(% injected **P/mg P) Ynet time ¢=0 
- c A di (Noro dt 
compartment (%inj.™P/mgP. min) (mg P) (ug P/min) 
4-68 —0-0691 0-116t 0-0189f 
ma 
ood cells 0-044 + 0-00830 0-897§ 0-0205)| 
Heart 0-330 0-0193 + 0-00464 1-58 — 0-0952 
Kidneys 0-318 0-0188 + 0-00460 4-90 1-23 
0-0123 +0-000198 5-73 +0311 
Lungs and trachea 0-157 0-00889 +0-00231 3-98 -1 
0-00553 +0-00187 4-47 — 1-57 
Liver 0-252 0-0147 + 0-00846 28-3 -4-81 
G.I.-tract +0-00143 8-24 + 1-36 
Muscle 0-110 0-00621 +0-00160 167-0 — 6-05 
Bones and teeth 0-00323 +0-000815 889-2 — 34-8 
Depot fat 0-130 0-00738 +0-00190 7-60 +101 
Testes 0-0889 0-00500 +0-00121 6-77 + 1-45 
Skin 0-322 0-0190 +0-000411 50-4 +413 
Remainder 0-123 0-00695 +0-00177 4-87 +439 
Urine — — +12-3 


* For explanation of symbols see text. 

t mg/ml. plasma. See also equation (3) of text. 
t mg/ml, plasma per min. 

§ mg/ml. blood cells. 

|| mg/ml. blood cells per min. 


ce 
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Thus during the full 6-8 hr period of the experiment only 0-43°%, of the total 
body P was excreted in the urine. During this time 7-8°, of the injected *2P 
was excreted in the urine. Hence, in the fasting rat, the final average level 
of specific activity which is being approached is given by the ratio 


amount of **P injected 100% ee 
total amount of P in system 1184 | 0-084 /o injected **P/mg P 


at the start of the 6-8 hr period, and 92-2%/1184 =0-078 % injected 32P/mg P 
at 6-8 hr after injection. 


Time t (min) 
Fig. 1. In (y, — 0-084) versus time, ¢, for the TCA-soluble plasma P. Values normalized to 100% 
*P injected are shown. ——, (y, — 0-084) + 0-648e-0- —.—.—. represents 


the In (specific activity) versus time for the first term in the y, versus ¢ function; ----, 
In (y, — 0-084) = - 0-435 - 0-00184 #. 


For the TCA-soluble plasma P which is assumed to represent part of the 
central mammillary compartment, the following time function for the specific 
activity, y,, was fitted to the experimental data using the method of the least 
squares; 


= 3°95 7H + 0-648 + 0-084. (2) 
The curve represented by this function is shown in Fig. 1. The experimental 
points are weighted mean values. 


From equation (2), the value of y, extrapolated back to time — is 
(y,) =4-68% injected 9*P/mg P. Knowing that 94-5 % of the injected 
in the TCA-soluble fraction contained in 0-057 mg P, and applying the principle 
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of isotopic dilution to these figures, the amount, (N,),, of P with which the 
injected TCA-soluble P became quickly mixed in vivo is 


94-5 
(N)o= 0°057 = 20 2 mg 


Since the concentration of TCA-soluble plasma P at time t=0 amounted to 
0-116 mg/ml. (Table 3), the so-called ‘space’ occupied by the P with which the 
injected TCA-soluble plasma P mixed quickly is 20-2/0-116 = 174 ml., or 88-4% 
of the total rat body weight in grams. 

Applying the above procedure to the TCA-insoluble plasma P, it was found 
that this fraction quickly mixed in vivo with 0-34 mg P. Since the concentra- 
tion of the TCA-insoluble plasma fraction at time t=0 amounted to 
0-0474 mg P/ml. (Table 3), the ‘space’ occupied by the P with which the 
injected TCA-insoluble plasma P mixed quickly amounted to 7-1 ml./rat, or 
35% of the total body weight in grams. The apparent ‘spaces’ occupied by 
the TCA-soluble and the TCA-insoluble plasma P masses are of value in 
visualizing the manner of distribution of the TCA-soluble and -insoluble plasma 
phosphorus fractions. However, as will be shown, they are not needed for 
transfer rate calculations. 

From values for the concentration, [N,], of TCA-soluble plasma P (Table 1) 


and the corresponding times, ¢, of measurement, the following equation for the 


line of best fit was obtained: 
[N,]=0-116 —0-0000189¢ mg P/ml., (3) 


where the time, ¢, is measured in minutes. For the purpose of transfer rate 
calculation, it is assumed that the slope of this straight line adjusted in size to 
correspond to the total P of the central mammillary or centrally exchanging 
compartment, represents the net rate of change, (dN,/df,), in the amount of 
central compartment P at t=0, and is given by the following equation 


where (N,))= 20-2 mg P. From equation (3), it follows that: 


[N,}=0-116 mg P/ml. and 0-0000189 mg P/ml. min. 


The latter value is assumed to be constant for all times, t, including t=0. 
Hence, from equation (4) (dN,/dt),= —0-00328 mg P/min. 

Equations (2), (3) and (4) provide sufficient information for a calculation of 
the total rate of transfer of P into the central compartment, (R,), and of the 
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total rate of transfer of P out of the central compartment, (R,)— (dN,/dt). At 
t=0, (R,) is given by the following equation (Wrenshall, 1955): 
_ 
—(Yado | dt Jo 
_ (202) 
(—468) 
The total rate of transfer of P out of the central compartment is 


(—0-0703) =0-303 mg P/min. 


= 0-303 — (— 0-003) 

0 
=0-306 mg P/min. 
The preceding rates are total rates of P transfer into and out of the central 
mammillary compartment. Calculations of individual contributory rates of 
transfer between the central and each peripheral compartment can also be 
made for mammillary systems. The rate, (R,,), of transfer of P into the jth 


peripheral mammillary compartment measured with values extrapolated to 
time t=0, is given by the equation (Wrenshall, 1955) 


fay, 


The corresponding rate of transfer out of the jth peripheral compartment, 
(Ry 5)o— (AN ,/dt)y, can then be obtained if the net rate of change of P in the jth 
peripheral compartment has been measured at t=0. 

Values for the rates of transfer of P into and out of fifteen peripheral com- 
partments in the fasting adult male Wistar rat are shown in Table 4. Also 
included in this table, for purposes of comparison, are values for the rates of 
transfer of P into and out of the central compartment by the summing of 
component rates and by calculation using equation (5). 

The mammillary pattern of phosphorus compartments into which the rat 
was subdivided is illustrated in Fig. 2. The areas of the circles are proportional 
to the net amounts of P found in the peripheral compartments which are 
listed in Table 5. The calculated rates of transfer of P, from the central into 
each of the peripheral compartments, are shown in Fig. 2 and in Table 4. The 
individual steps taken to calculate the transfer rates for kidney P, given in_ 
Table 4, are illustrated in the Appendix. 

The rate of P transfer into an organ-compartment expressed as a fraction of 
the P in the compartment is given in Table 6 for each compartment. These 
rates are arranged in descending order of magnitude for the different com- 
partments. The reciprocals of the fractional rates of Table 6 represent the 
average periods of time, r, that a P atom remains within the compartment. 
Values for 7 are listed in Table 6 in ascending order of magnitude, beginning 
with the central mammillary compartment P and ending with brain P. 
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Tasie 4. Calculated rates of P transfer into and out of each of sixteen mammillary 


organ partments in the 200 g fasting male Wistar rat 


Organ-compartment (g/min) (ug/min) 
Bones and teeth 153 188 
Muscle 56-1 62-1 
Liver 48-8 53-6 
Urine 123 0-0 
Blood cells 5°27 5-20 
Kidneys 4-52 5-76 

4-16 3-75 
t fat 3-01 — 7-06 
G.L.-tract 2-47 1-11 
Lungs and trachea 1-91 2-97 
1-76 3-32 
estes 1-72 3-17 
Heart 1-47 1-57 
Brain 0-24 — 0-069 
Remainder 1-80 — 2-58 
Total 
Central mammillary 303 
compartment P* 


* The TCA-soluble plasma P is taken as a representative part of the central mammillary 
compartmen 


Taste 5. Compartmental content of P and associated central compartment P in each of fifteen 


mamumillary organ-compartments in the 200 g fasting male Wistar rat 


Mass of P (mg) 
Net peripheral P central 
Organ-compartment compartment P 
Bones and teeth 879 10-4 
163 3-71 
Skin 47-2 3-28 
Liver 26-9 1-44 
G.1.-tract 8-10 0-133 
Depot fat 7-40 0-200 
Testes 6-65 0-122 
Brain 5°72 0-014 
Kidneys 4-58 0-315 
Spleen 4-38 0-089 
Lungs and trachea 3-85 0-126 
Blood cells 3-26 0-029 
Heart 1-48 0-105 
i 4:75 0-121 
-solu — 0-45 
P withdrawn at time 
of death* 
Total 1170 20-6 
Central mammillary — 20-2 
compartment P* 
(by isotopic 
ution) 


* See footnote to Table 4. 
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4:80 Remainder 


OE 


Fig. 2. Simultaneous rates of P transfer from the central mammillary compartment (including 


the TCA-soluble plasma P) into fifteen 


peripheral mammillary organ rtments of the 


200 g fasting male Wistar rat. Rates of transfer are expressed as yg P/min. 


TaBLe 6, Fractional rates of P transfer and average times of presence of P atoms in fifteen 
mammillary organ-compartments in the 200 g fasting male Wistar rat 


Fractional trans- 
of P into 

partment Average time 
Pin of P atoms in 


14-8 1-13 
5-93 2-81 
1-81 9-19 
0-997 16-7 
0-988 16-9 
0-495 33-7 
0-407 41-0 
0-401 41-5 
0-343 48-6 
0-305 54-7 
0-259 64-4 
0-174 95-6 
0-0882 189-0 
0-0424 393-0 
0-380 43-9 


* See footnote to Table 4. 
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DISCUSSION 


In this experiment **P-labelled donor plasma was used for intravenous injec- 
tion rather than inorganic radiophosphate. The work done with the aid of **P 
by Govaerts (1947, 1948) on dogs, by Friedlander & Wilde (1949) on rats, and 
by Fuchs & Fuchs (1954) on guinea-pigs, has shown that this procedure is 
necessary if the administered labelled phosphorus is to be in the same chemical 
state as the plasma phosphorus in the recipient animals. 

The assumption that rapid uniform intermixing of units of phosphorus 
occurs in the central compartment of the mammillary system studied is 
inherent in the method of analysis employed in this paper. Since this assump- 
tion is not tenable for peripheral compartments, all transfer rate calculations 
have been made using values extrapolated to the time of addition of the 


labelled phosphorus to the central mammillary compartment of the system. 


This was done, since it has been pointed out (Sheppard & Householder, 1951; 
Wrenshall, 1955) and demonstrated (Schachter, 1955) that, under these cir- 
cumstances, valid transfer rate measurements cannot be made at times later 
than t=0 by the method employed. It will be obvious that extrapolations 
must not be made using experimental values taken in the brief period following 
intravenous injection of label before uniform intermixing has occurred in the 
central mammillary compartment. 

Cross-checks on the consistency of the methods and the assumptions used 
for transfer rate and compartmental content calculations are available wherever 
a given result could be calculated in two different ways. The most important 
of these is the equivalence which should exist at t=0, between the sum of the 
individual rates of transfer of phosphorus from the central mammillary com- 
partment into the peripheral compartments plus the rate of urinary excretion 
of phosphorus (287+12-3=299 yg P/min), and the calculated total rate 
of transfer of phosphorus out of the central mammillary compartment 
(306 ug P/min, Table 4). Similarly, the sum of the individual rates of phos- 
phorus transfer out of the peripheral compartments into the central one 
(321 zg P/min) should equal the calculated total rate of transfer of phosphorus 
into the central compartment (303 pg P/min, Table 4). 

Equality should also exist between the mass of phosphorus in the central 
compartment (20-2 mg P, Table 5), calculated using the principle of isotopic 
dilution, and the sum of the masses of central compartment phosphorus 
excised with separated organs plus central compartment phosphorus removed 
by exsanguination (20-1 +0-45=20-6 mg P). 

In the three comparisons given, the factors differ in magnitude by only 
2-2, 6-3 and 2-0% respectively. This is in good agreement with the hypotheses 
that: (1) the TCA-soluble phosphorus of plasma is a representative part of the 
central compartment phosphorus in the rat; (2) for measurements extrapolated 
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to t=0 from a time interval when uniform mixing existed in the central 
mammillary compartment, none of the **P was located in peripheral com- 
partments. The cross-checks described could be made since the phosphorus in 
all body compartments was measured. 

Since the capillary membrane in the rat is relatively impermeable to plasma 
lipoproteins and other substances of high molecular weight, any labelled 
phosphorus bound to these substances will initially tend to distribute itself 
throughout and be confined to the circulating plasma following its intravenous 
injection. On the other hand, any **P located in plasma inorganic phosphorus 
and compounds of low molecular weight to which the capillary membrane is 
permeable will rapidly become distributed throughout the interstitial fluid 
spaces as well as the blood plasma. In this paper the attempt was made to 
separate these two phosphorus-containing fractions in plasma by the chemical 
use of trichloroacetic acid. 

This attempt appears to have had a measure of success when considered in 
terms of the ‘spaces’ through which the two fractions became quickly dis- 
tributed. The TCA-soluble plasma P from the donor animals was distributed 
rapidly through a ‘space’ occupying 88-4°%, of the body. While this is much 
larger than published figures for the extracellular fluid volume of rats (Manery 
& Bale, 1941), it must be remembered that inherent in the calculation of such 
a ‘space’ is the unfounded assumption that a uniform concentration of P exists 
throughout the whole of the ‘space’ being calculated. In deriving the value 
of (dN,/dt)y by using equation (4), for determination of the rate of transfer 
of P out of the central compartment, no assumption is made concerning the 
size of the TCA-soluble ‘space’. It is assumed that the ratio of the mass of 
central compartment P to the TCA-soluble P of plasma is constant, and that 
any fractional rate of change in one part is the same as in any other part. The 
concentrations of P are not assumed to be equal in both of these two 
subcompartments. 

The preceding assumption of uniform concentration is more readily accept- 
able for the rapidly circulating TCA-insoluble plasma P. The fraction of whole 
blood that is plasma was found to be 0-516 at t=0. This gives a total blood 
volume of 13-8 ml./rat or 7-0 ml. whole blood/100 g body weight. This figure 
compares quite well with values reported in the literature by investigators 
using other methods for the measurement of blood volume in rats. Values 
presented and reviewed by Loring (1954) for the whole blood volume of normal 
white rats range from 5-04 to 7-98 ml./100 g body weight. According to the 
functions described by Lippman (1947) for white rats weighing from 48 to 
308 g, the expected whole blood volume in the rats used in this experiment is 
ml./rat. 

Values for the rate of phosphorus transfer into the given peripheral mam- 
millary compartments proved to be insensitive to reasonable variations in the 
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selection and fitting of functions describing the variation with time of specific 
activity and compartmental content of P. For example, in the case of the 
specific activity of the P in bones and teeth, the slope of the straight line of best 
fit associating ytot, with the time, ¢, was 0-0000164 % injected **P/mg P per min. 
The corresponding value at ¢=0 for a smoothed curve fitted by eye was 
0-0000466 %,, injected **P/mg P per min. In spite of this 65% difference in 
value, the difference in rates of P transfer into this compartment calculated by 
means of equation (6), amounted to only 1-3%. 

The reason for this insensitivity of calculated rate values to the slopes of 
ytot. curves at ¢=0 is that when these curves are adjusted for the associated 
content of central compartment *P, with its very high specific activity at 
t=0, the resulting dy,,,,/d¢ values are almost equal for the two ytot. functions 
chosen. 

Tests were made of the effects of fitting various functions to the specific 
activity versus time data for the central mammillary compartment P. The 
results calculated, using one such alternate function, have been published in 
abstract form elsewhere (Lax & Wrenshall, 1955). In another case a single 
exponential function was fitted to the y, versus ¢ data between 10 and 185 min 
inclusive and extrapolated tot=0. For some organs such as muscle, lungs and 
trachea, kidneys and heart, the rates corresponded to within 2°, of the values 
given in Table 4, while for other organs, such as liver, the rates were different 
by as much as 11%. However, on applying the cross-checks already men- 
tioned, it was found that the results were as self-consistent as those shown in 
Table 4, which were calculated using the function given by equation (2). For 
reasons already given, equation (2) was chosen as the one most representative 
of the data for the central mammillary compartment. 

Exclusion of the assumption of dynamic equilibrium makes possible the 
calculation of the rate of transfer out of a given compartment, which is 
distinct from the corresponding rate of transfer into the compartment. How- 
ever, in no case jn this experiment was the rate of change of P in a compartment 
found to be significantly different from zero at the 2% level. This state of 
dynamic equilibrium is to be expected in normal adult rats. Over a much 
longer period of time than 6-8 hr, or in young rapidly growing rats, one would 
expect to observe significant changes in compartmental contents of P. Bio- 
logical variation reduced the accuracy in the measurement of the dN,,/dé values, 
and the accuracy in the calculation of the rates of transfer out of the compart- 
ments is correspondingly reduced. In the case where the transfer rate into 
a compartment is of smaller magnitude than the dN,,/dt for the compartment, 
which may have a negative value, the transfer rate out of the compartment 
appears as a negative value which has no real meaning. 

Although wet weights were recorded for all organs, the basic units in which 
all rates have been expressed are wg P/min (Table 4), and mg P/min per mg 
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P in the organ-compartment (Table 6), rather than as mg P/min per g body 
weight, or, mg P/min per g organ weight. One advantage of using units which 
do not involve body or organ weights is that the content of P of an organ will 
not change during dissection, whereas the weight of an organ during dissection 
may change due to loss of fluid. 

With phosphorus transfer rates expressed in mg P/min per mg P in a given 
organ-compartment, or, as the reciprocal of this, in terms of the average time, 
7, that a given P atom remains within a compartment, a basic measure for 
contrasting the mobility of P atoms through the different organ-compart- 
ments is provided. As might be expected, the central mammillary compart- 
ment P is the most mobile while brain P is the least mobile, a 350-fold 
difference in values existing between these two compartments (Table 6). The 
recognized high metabolic activity of the liver in the anabolism and catabolism 
of P compounds is seen to be associated with a low value for r. In contrast, the 
phosphorus of bones and teeth has a very large r value, probably due in some 
degree to a relatively small ratio of reacting surface area to phosphorus 
content. 

Measurement of the permeability of living cells (transfer rate per unit area 
of cell surface for the factor being studied, Cohn & Brues, 1945) within the 
body has to a large extent been limited to work with erythrocytes (Wilde, 
1955). In so far as determinations of the permeability of other body cells of the 
rat to phosphorus are dependent on the availability of phosphorus transfer 
rate measurements, it should now be possible to estimate these. 


SUMMARY 


1. A mathematical basis for the measurement of transfer rates by means of 
tracers, in systems containing compartments in which uniform mixing cannot 
be assumed to occur, has been applied to the total phosphorus contained in the 
fasting 200 g male Wistar rat. 

2. Using **P-labelled plasma phosphorus from donor animals as tracer 
material and assuming that the trichloroacetic acid-soluble phosphorus of 
blood plasma represents a part of the central mammillary phosphorus com- 
partment in the rat, rates of phosphorus transfer from this compartment to 
fifteen peripheral organ-compartments have been calculated in absolute units. 
Expressed as pg/min, these are: bones and teeth 153-0, muscle 56-1, liver 
48-8, urine 12-3, blood cells 5-27, kidneys 4-52, skin 4-16, depot fat 3-01, gastro- 
intestinal tract 2-47, lungs and trachea 1-91, spleen 1-76, testes 1-72, heart 
1-47, brain 0-24, remainder 1-80. The sum of these rates (299 wg P/min) is found 
to agree to within 2°3% of the independently calculated total rate of phos- 
phorus transfer from the central compartment to the peripheral ones 
(306 ug P/min). 
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3. The calculation of these rates has not involved the use of velocity con- 
stants or the assumption of dynamic equilibrium as a characteristic of the 
metabolic state of the animal. The living system studied was not assumed to be 
a closed one with regard to phosphorus transfer. 

4. The method of analysis has enabled the net amount of phosphorus 
within each organ-compartment to be determined. 

_ 6. The value of 20-2 mg/rat calculated by isotopic dilution for the amount 

of phosphorus in the central mammillary compartment is clearly consistent 
with the value of 20-6 mg/rat calculated independently by summing the 
amounts of central compartment phosphorus found in all dissected tissues. 
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APPENDIX 


The meanings assigned to the abbreviations and symbols used in the foregoing paper are listed below: 
P Abbreviation for ‘ phosphorus’. 


TCA Abbreviation for ‘trichloroacetic acid’. 

y Symbol for specific activity of the phosphorus in a given compartment (unit: 
% injected **P/mg P. min), 

N Symbol for the amount of phosphorus in a given compartment (unit: mg). 

[N] Symbol for the concentration of phosphorus in a given compartment 
(unit: mg/ml.), 

t Symbol for time (unit: min). 

t=0 Symbol for zero time, i.e. time of intravenous injection of **P-labelled donor 
plasma into recipient rats. 

t Symbol for average time that a P atom remains within a compartment (unit: min 
or hr). 


Subscript ‘;’ | Symbol designating the number of any given peripheral compartment, 

Subscript ‘,’ | Symbol designating the first or central mammillary compartment, of which the 
TCA-soluble P of plasma is a representative part. 

Subscript ‘,” | Symbol referring to zero time (see t =0). 

Subscript ‘,,.’ Symbols referring to total P or *P present in a compartment. 

Subscript ‘,.,’ Symbols referring to net P or **P remaining in a peripheral mammillary com- 
partment after the P or **P associated with the central mammillary compart- 
ment is subtracted. 

(R) Symbol for a rate of transfer of P into a compartment, e.g. (2,,) symbolizes the 
rate of transfer of P into the jth compartment from compartment 1 (units: mg 
or 

(R)-(dN/dt) Symbols for a rate of transfer out of a compartment, e.g. (2,,) —(dN,/dt) 
symbolizes the rate of transfer of P out of the jth compartment into compart- 
ment 1 (units: same as for symbol ‘(2)’). 


Steps in the calculation of compartmental contents and transfer rates of P for the kidneys, considered as 
a peripheral mammillary compartment. 

Determination of the amount of central mammillary compartment P in the kidney compartment 
is based on the assumption that at ¢=0 all of the **P contained in the kidneys is present within 
that part of the central mammillary compartment excised with the kidneys after exsanguination. 
The following straight lines of best fit associating the total amount of kidney P, Ni, and its 
specific activity, 7... (Fig. 3), were determined by the method of least squares: 


Nig. = 4:90 -0-00123¢ mg P, (7) 

Yeot. = 0°318 0-000205t, (8) 

where the time, ¢, is measured in minutes. The time course of the specific activity, y,, and the 

total mass, N,, of the central mammillary compartment P, required for the kidney transfer rate 
calculations, have already been stated in equations (2) and (4), respectively. 
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Since the specific activity of the P in a given compartment represents the percentage of injected 
%tP in the compartment divided by the corresponding mass of total P in the compartment, it 
follows from equations (7) and (8) that the percentage of injected **P in the kidneys at t = 0 is equal 
to (4-90) x (0-318). Att =0, 94-5 % of this is assumed to represent TCA-soluble P in the same central 
compartment as the TCA-soluble P of plasma, the (y,), value of which equals 4-68% injected 
%P/mg P (equation 2). Therefore, the amount of central compartment P included in the kidneys 
at ¢=0 is 


=0-315 mg P. 


(4-90) x (0-318) x (0-945) 
4-68 


It follows that the peripheral or ‘net’ phosphorus of the kidneys 


& 


Specific activity of kidney P 


0 
Time t (min) 
Fig. 3. Total and net specific activity versus time curves for kidney P. Values normalized 
to 100% **P injected are shown. The equations of the lines are: ——, y,,,, = 0-318 — 0-000205t; 
terminal s.a. level = 0-084 % injected *P/mg body P; - - - » Ynet 18 given by equation (9) 


of the Appendix. 


Having established the time courses for the specific activities of both the central and peripheral 
kidney compartment P (equations (2) and (8) respectively), and knowing the total and net amounts 
of P in the kidneys (Tables 3 and 5), the specific activity—time relationship for the net P of the 
kidneys can be expressed as follows (Wrenshall, 1955): 


~(0-318 - 0-00205) (755 + +. 0.084) (9) 


At t=0 it follows from equation (9) that dy,,,/dt =0-00460 % injected **P/mg P per min, and 
(Ynetlo =0-0188 % injected *P/mg P. The value of (y,,,)) for kidney P is slightly greater than zero 
due to the inclusion of a small amount of the TCA-insoluble *P of plasma. 
According to equation (6), the rate, (2,44 )o, of transfer of P into the periphera] compartment 
from the central mammillary compartment P at ¢=0 is 


_ 
(Ry-wao= airs | 0-00452 mg P/min. (10) 


7 = (Noo 0-315 = 4-90 — 0-315 = 4-58 mg P. 

° ° ° 

J Terminal specific activity level 
/ 
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The rate of transfer of P out of the peripheral kidney compartment into the central one at 
t=O is 
~0-00576 mg P/min. 


The fractional rate of P transfer into the kidney compartment is 0-00452/4-58 = 0-000988 mg 
P/min mg P in the kidneys. Hence the average time, ryq,, that a P atom remains within the 
kidney compartment is 
= 1012 min 


l 
Tkid. 6.900088 
=16-9 hr. 
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THE SECRETION OF POTASSIUM IN SALIVA 


By A. 8. V. BURGEN 


From the Department of Physiology, McGill University, 
Montreal, Canada 


(Received 7 September 1955) 


A number of workers have studied the relationship between the rate of secre- 
tion and the concentration of cations in the saliva (Gregersen & Ingalls, 1931; 
Langstroth, McRae & Stavraky, 1938; Thaysen, Thorn & Schwartz, 1954; 
Hildes, 1955). In general the conclusion has been that whereas the concentra- 
tion of sodium in the saliva rises with increasing rate of stimulation, the 
concentrations of both potassium and calcium are substantially independent 
of the rate of secretion. At very low rates of secretion, however, most of these 
authors have recorded an increase of potassium concentration. We were 
initially interested in the rise in concentration of potassium at low flow rates 
as this might plausibly be interpreted as due to water reabsorption from a 
primary secretion in which the concentration of potassium was constant at all 
rates of secretion. We had already obtained evidence of such a water re- 
absorption along the osmotic gradient between the hypotonic saliva and the 
blood in a study of non-electrolyte secretion (Burgen, 1956). An investiga- 
tion of the rise in the potassium concentration at low rates of secretion was 
therefore undertaken as an independent method of arriving at a quantitative 
assessment of this osmotic reabsorption. 3 

To our surprise we were unable to reproduce the constant level of potassium 
in the saliva described in the literature, and this lack of agreement with the 
published results led to the present investigation of the kinetics of potassium 
secretion in the saliva. 

| METHODS 

In all the experiments, unless otherwise mentioned, dogs weighing 8-20 kg were used. They were 
anaesthetized by the intravenous injection of 5-6 ml./kg of a solution of 1 g chloralose and 10 g 
urethane dissolved in 100 ml. of 0-9% NaCl. Anaesthesia was maintained by small doses of 
pentobarbitone as required. 

The parotid duct and auriculotemporal nerve were prepared as described previously (Burgen, 
1955). The submaxillary duct was dissected out and cannulated, the chorda tympani prepared 
for stimulation on platinum electrodes and then submerged in a pool of liquid paraffin. Stimulation 
of the nerves was by maximal rectangular stimuli of 1 msec duration and 2-15 V in strength. The 
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rate of secretion was varied by changing the frequency of stimulation in the range of 0-2-50 o/s. 
In all cases the cervical sympathetic trunk was divided in the neck. After beginning stimulation 
the first 4-5 drops of secretion were discarded and the samples then collected in small tared screw- 
capped bottles for a measured time, Usually 0-5-1 g of saliva was collected but, if necessary, a 
complete analysis could be carried out on 0-2 ml. At the end of the experiment the gland concerned 
was dissected out and weighed, and the rates of secretion then expressed as mg saliva/g gland wet 
weight/min. This was designated by the symbol V. 

When the effluent blood from the submaxillary gland was to be collected, the veins draining the 
gland were carefully dissected out and all other tributaries of the external jugular vein were tied. 
While there were usually only two draining veins, one in front leading into the anterior facial vein 
and a second posterior leading into one of the veins lying in the groove between the parotid and 
submaxillary glands, these were subject to much variation and occasionally as many as four veins 
were present. When the dissection was complete a warm saline pack was placed over the gland 
and the overlying skin sewn back into place. Only about 1 in. of the external jugular vein was 
left exposed for cannulation, The dog was then left for at least an hour to allow the gland fully to 
recover function after handling. After the rest period the jugular vein was cannulated with a 
silicone-treated glass T-cannula and collection of blood in heparinized tubes could be begun. In 
the experiments where the plasma potassium was to be raised both ureters were tied off and an 
infusion of 3% KCl given into the saphenous vein by means of a motor-driven syringe. It was 
found difficult to sustain satisfactory potassium levels without preventing excretion by the 
kidneys. In the experiments where the body temperature was changed the animal was heated by 
radiant heat or cooled by packing with crushed ice and covering the trunk with a wet towel cooled 
by air blown over it with an electric fan. The rectal temperature could thus be varied from 
29 to 41° C. 

Analyses of Na and K were carried out in duplicate in the Beckman DU Spectrophotometer 
with acetylene flame attachment. Samples of plasma and saliva were prepared for analysis by 
digestion with an equal volume of concentrated HNO, at 100° C for 10 min followed by dilution 
in a solution containing 100 m-equiv/l. Na for the K estimations and containing 10 m-equiv/l. 
K for the Na estimations. This digestion was found considerably to improve the accuracy of the 
flame photometry and to reduce the frequency of burner clogging. 

Gland analyses were carried out in duplicate on pieces weighing 1-1-5 g. These were minced in 
a silica dish, 1 ml. of 4~-H,SO, added and the water slowly evaporated off in an air oven at 130° C. 
The tissue was then ashed in an electric muffle furnace at 500° C for 8 hr. The ash was dissolved in 
0-5 ml. of 0-1 x-HCl and diluted for flame photometry. Gland dry weights were obtained by drying 
at 110° C in an air oven overnight. Throughout this paper the face of the secreting cell in contact 
with the extracellular fluid is called the ‘outer cell face’ and the face in contact with the saliva is 
called the ‘inner cell face’. 


RESULTS 
Relationship between rate of secretion and potassium concentration 
for small samples of saliva 
In these experiments small samples of saliva (0-1-0-3 ml./g gland) were col- 
lected at different rates of stimulation. A 4 min interval was allowed between 
periods of stimulation. This is the technique employed in previous experiments 
on non-electrolyte secretion (Burgen, 1956). An example of such an experi- 
ment on the dog parotid is shown in Fig. 1. The potassium concentration 
follows a U-shaped curve with a minimum of 9 m-equiv/l. at about V = 180 mg/ 
g/min and rising in concentration at either end. It should be noted that even 
at the minimum the saliva potassium is 2°5 times the plasma concentration. 
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Rate of saliva secretion (mg/g/min) Rate of saliva secretion (mg/g/min) 
Fig. 2. 
Fig. 1. Saliva potassium as 4 function of rate of secretion. Dog, parotid; auriculotemporal 
stimulation. Plasma K 3-5 m-equiv/l. 


Fig. 2. Saliva potassium as a function of rate of secretion. Dog, submaxillary; chorda tympani 
stimulation. Plasma K 3-3 m-equiv/I. 
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0 200 400 600 800 1000 1200 
Rate of saliva secretion (mg/g/min) 
Fig. 3. Saliva potassium as a function of rate of secretion. Cat, submaxillary; 
chorda tympani stimulation, Plasma K 3-8 m-equiv/l. 


This curve was quite unlike those reported in the literature, in which the 
potassium concentration was practically independent of the rate of saliva 
secretion (see Introduction) except at very low flow rates. Results similar to 
this were obtained on a total of five dog parotid preparations.~In no case was 
the potassium concentration independent of flow rate. We noticed, in addition, 
that the curves were rather irregular, and many samples deviated rather 
widely from the smooth curve especially near the curve minimum. Careful 
checks of the recovery of potassium in these samples showed that this was not 
due to any inadequacy of the analytical methods. 
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We next examined the potassium secretion in the dog and cat submaxillary 
glands (Figs. 2, 3), and found a similar state of affairs. The differences between 
these curves are slight; in all cases a rise in concentration of potassium occurred 
at the higher rates of secretion. 

We considered that our results might be a peculiarity due to the use of 
chloralose a8 an anaesthetic. But the use of pentobarbitone, allobarbitone or 
barbitone instead of chloralose-urethane was without effect on these results. 
It also seemed possible that sympathetic fibres in the auriculotemporal or 
chorda tympani nerves might be responsible for these differences. We there- 
fore removed the cervical sympathetic trunk and superior cervical ganglion 
aseptically in three dogs and allowed 8-14 days for degeneration of the post- 
ganglionic fibres. This also did not alter our results. Finally we excluded the 
possibility that stimulation with rectangular pulses of 1 msec duration pro- 
duced a secretion different from that produced by an induction coil, the method 
of evoking secretion used in most of the previously reported experiments. We 
repeated experiments with coil stimulation producing different rates of 
secretion by moving the secondary coil in the customary manner. The potas- 
slum curve was again similar to Figs. 1-3. 

On re-examining the reports in the literature it seemed possible that the 
difference between our results and those might be due to the relatively small 
size of sample we had used as compared with most of the older work using 
chemical analytical methods. Secondly, the work in man perforce has to deal 
with a normally innervated and continuously secreting gland. Both these 
considerations suggested to us that the process of secretion during stimulation 
in a previously rested salivary gland might be composed of an initial transient 
state which rapidly passed into a secondary steady state of secretion. In the 
transient period the concentration of potassium might be higher or lower than 
in the steady state but was not independent of the rate of secretion. 

In order to test this possibility we carried out experiments in which we 
collected successsive small samples of saliva during a continuous period of 

stimulation until a total amount of saliva equal to 2-3 times the weight of the 
gland had been secreted. In these experiments a rest of an hour was allowed 
between runs to allow the postulated transient to develop fully. 


Prolonged stimulation of secretion with collection of successive 
small samples 

An example of an experiment of this kind on the submaxillary gland is 
shown in Fig. 4. Initially potassium was secreted at a high concentration in 
response to stimulation at all four frequencies but this concentration rapidly 
settled down to a much lower value that remained steady. At 20 c/s the con- 
centration was initially c. 40 m-equiv/l. but after 3 min it had settled down to a 
steady 10 m-equiv/I. 


~ 

4 

4 

{ 

> 


24 A. 8S. V. BURGEN © 


In the case of the parotid gland the initial transient was considerably 
smaller (Fig. 5), and at the lowest frequencies was obscured by the rise in 
concentration occurring with fall off in secretion rate already mentioned. 
However, the difference between the parotid and submaxillary responses was 
quantitative not qualitative; in both cases the presence of an initial transient 
secretion was demonstrated. A comparison of the transients at different rates 
of secretion can be made by plotting the potassium concentration at the time 
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Fig. 4. Time course of potassium concentration in the saliva secreted at four rates of stimulation 
1:3:5:20 c/s. Dog, submaxillary; chorda tympani stimulation. 

Fig. 5. Time course of potassium concentration in the saliva at four rates of stimulation 
1:5:8:20 c/s. Dog, parotid; auriculotemporal stimulation. 


at which fixed amounts of saliva have been secreted against the rate of secretion 
for each rate of stimulation (Fig. 6, data from Fig. 4). It is evident that each 
rate of stimulation produced a separate curve relating rate of secretion to 
concentration, and that no single curve is adequate to describe them. When 
the amount of saliva secreted was small (200 mg/g) the potassium concentra- 
tion increased quite steeply with increasing rate of secretion: but further 
secretion tended to reduce the slope until when the total saliva secreted had 
reached 2 g/g the concentration declined slightly as the rate of secretion 
increased. The net effect of the tendency for a greater fall in potassium con- 
centration with total volume secreted at the faster rates of stimulation was 
that with large samples this tended to compensate for the initial higher 
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potassium concentration at these rates. This can be seen in Fig. 7 in which 
cumulative potassium concentrations were plotted, i.e. the total amount of 
potassium secreted in @ given time was summed and divided by the total 
amount of saliva secreted in that time. This gave the mean concentration of 
potassium in a saliva sample of any size. It can be seen that by the time 
the saliva sample had reached 2 g/g there was practically no difference in 
potassium concentration at the three rates: ie. we have reached a situation 
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Fig. 6. Fig. 7. 


Fig. 6. Relationship between potassium concentration in the saliva and the rate of secretion at 
four rates of stimulation. Left to right 1:3:5:20 c/s. Dog, submaxillary gland. Data of 
Fig. 4. Points on curve marked 0-2, 0-4 etc. correspond to secretion of 0-2 g/g, 0-4 g/g, etc. 


Fig. 7. Dependence of potassium concentration on the size of saliva sample; Dog, submaxillary. 
Inset: ratio of concentration secreted at 20 o/s over 3 c/s; and 1 c/s over 3 c/s as a function of 
the size of saliva sample (g/g). 


in which the potassium concentration is independent of the rate of saliva 
secretion. It is of interest to know how rapidly the transient response recovers 
during a period of gland rest. We have not investigated this in detail, but Fig. 8 
shows that after 6 min rest the transient had only recovered to a slight extent. 
After 1 hr the transient was almost as large as initially. The time course of 
recovery will become clearer when subsequent experiments are described. 
At any rate it is evident that when the period of rest between collections of 
large samples is short (i.e. < 10-20 min) little restoration of the potassium 
transient will have occurred and the potassium concentration will appear to 
be independent of rate of secretion. The same will be true of the human 
experiments in which no effective rest period was possible. Some authors (e.g. 
Langstroth et al. 1938; Thaysen et al. 1954) have commented on the presence 
of higher potassium concentrations in the first samples of saliva collected. 
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The presence of a transient higher concentration of potassium immediately 
raises the suspicion that this extra potassium may be depleting the intra- 
cellular potassium of the gland cells, that is, that only part of it is derived by 
transference from the plasma. Calculation of the clearance rate of potassium 
from the blood supports this view. In one experiment on the dog submaxillary 
gland (25/10/54) when the gland was stimulated at 10 c/s the maximum rate of 
potassium secretion was 18-2yequiv/g/min. The arterial plasma potassium 
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Fig. 8. Effect of rest on the potassium transient. Dog, submaxillary. 10 c/s stimulation. After 
6 min stimulation, the gland was rested for 6 min and then restimulated at 10 c/s. 


was 3-5yequiv/ml. Hence the plasma clearance was 18-2/3-5=5-2 ml. plasma/ 
g/min. The arterial haematocrit was 55°% so that this would give a minimum 
blood flow of 11-5 ml. blood/g/min. It is not likely that the extraction of 
plasma potassium would be complete (it will be shown later that at most 
70-80% of the plasma potassium can be removed in one circuit through the 
gland) so that to give such a large potassium output a blood flow in excess 
of 11-5 ml./g/min would be needed. Other experiments yield similar figures. 
Barcroft (1900) found the blood flow in this gland not to exceed 2-2 ml./g/min, 
and Tatibana (1936) found up to 2-4 ml./g/min. (In our experiments the 
maximum flow found was 2-6 ml./g/min.) The gland blood flow is thus in- 
adequate to provide the amount of potassium being secreted and some must be 
coming from depletion of the intracellular potassium. 


Analysis of the gland electrolytes before and after stimulation of 
the parasympathetic supply 
We have confirmed this predicted depletion of gland potassium by analysis 
of the electrolytes in stimulated glands compared with their resting twins. 
The experiments were carried out as follows: The cervical sympathetic trunk 
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and chorda tympani were sectioned on each side, and the dog left quiet for 
1 hr to give time for both glands to come to a steady state with the blood. 
One chorda tympani was then stimulated maximally at 10 c/s for 3 min or 
30 min. Immediately after the stimulus was turned off both common carotid 
arteries were occluded and the animal killed by an electric shock applied to 
the thorax or by rapid intravenous MgSO, which killed the animal within 
20 sec. The submaxillary glands were dissected out, weighed and analysed as 
described in the Methods section. The results are given in Table 1. In 3 min 
there was a considerable loss of potassium amounting to 31-2 + 1-6 uequiv/g or 
42°%, of the gland’s initial potassium store. There was a simultaneous gain of 


TaBie 1. Changes in submaxillary electrolytes on chorda tympani stimulation 


After 3 mint 
Resting* stimulation 
Loss of gland weight (%) — 12-6+3-9 (s.8. of mean) 
Gland water (% total weight) 15°340-76 75-241-16 
K ( pequiv/g) 74-8+ 1-42 50-1 + 1-86 
K (m-equiv/kg H,O) 99-2+42-18 66-54 1-44 
Na ( pequiv/g) 31-542-21 62-7 4- 3-16 
Na (m-equiv/kg H,0) 41-7 42-70 83-14-12 
Na/K 0-43 + 0-034 1-28 + 0-066 
Loss of K ( pequiv/g initial wt.) 31-241-6 
Gain of Na ( pequiv/g initial wt.) 21-543-5 


* Means of six glands. 
+ Means of four glands. 


21:5+3-5yuequiv/g of sodium. The difference between the two figures was 
largely due to a loss of 12-6 + 3-9% of the initial gland weight divided equally 
between gland water and dry substance. The Na/K ratio rose from 0-34 in 
the rested gland to 1-28 after 3 min stimulation. The gland concentration of 
sodium plus potassium always rose somewhat after stimulation; in these 
experiments it rose from 140-9:m-equiv/kg H,O to 149-6 m-equiv/kg H,O. 
After 30 min stimulation the potassium concentration in* the glands was 
slightly higher (57-8 wequiv/g) than at 3 min and the sodium somewhat lower 
(59-1 wequiv/g), but still very different from the resting values. No measure- 
ments of the gland extracellular space have been made, so that the changes in 
intracellular concentration are not known. These results show that all the 
potassium secretion in the initial phase might have been derived from the 
intracellular potassium of the gland. 


Potassium balance in the dog submaxillary gland 
In order to follow the loss of the potassium from the gland in more detail we 
have carried out. balance experiments on glands whose venous drainage had been 
isolated as described by Barcroft (1900). In these experiments care was taken 
not to stimulate the gland for at least 1 hr before the collection of saliva and 


blood was begun. 
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For a complete analysis of the potassium balance of the gland we needed to 
know the rate of saliva secretion and venous outflow from the gland; the 
saliva, arterial and venous plasma potassium concentrations; and the arterial 
and venous haematocrits and haemoglobin concentrations. The arterial inflow 
could then be determined by the relationship 


Hby 
ABF =VBFx—— (1) 
(ABF, V BF =arterial and venous blood flows; Hb,, Hb, =arterial, venous 
haemoglobin concentration). The rate of loss of potassium in the saliva at any 


time was designated 
L,=—V.K, (K,=salivary K). (2) 
The net loss or gain of gland potassium from the blood, designated L,, is given 
by 
ABF( “ae vBF(1- (3) 


(where Ht,, Hty=arterial and venous haematocrits; K,, K,=arterial, 
venous plasma potassium). Then the net rate of loss of potassium from the 
gland is given by 

A small systematic error is present in the calculation of L, due to loss of 
potassium in the lymphatics draining the salivary gland. This will result in the 
estimate of uptake of potassium by the gland being too large. An approximate 
measure of the lymph flow can be obtained from the relationship 


Lymph flow = V —(ABF—VBF). 


This relationship applies reasonably accurately after the first minute of 
secretion. In the experiment of Fig. 8 the lymph flow was estimated at 
12l./g/min—this would introduce an error of 0-02—0-08yequiv/g/min into 
the estimate of potassium balance. 

In Fig. 9 the results in a typical experiment are shown. In this case the 
chorda tympani was stimulated maximally at 20 c/s. The saliva flow showed 
the typical initial peak, followed by decline to a steady level, which is charac- 
teristic of the response in the rested submaxillary gland. The arterial blood 
flow rose from the resting value of 0-22 ml./g/min to reach a steady level of 
2-45 ml./g/min. The saliva potassium started at over 40 m-equiv/l. and 
rapidly fell off to 6-2 m-equiv/l. 

The changes in venous potassium turned out to be a complete surprise. 
In the resting state the venous potassium was somewhat lower than the arterial 
value of 4-1 m-equiv/l., indicating that the gland was not in perfect balance 
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but was actively taking up potassium. When stimulation was commenced 
there was an immediate rise in the venous potassium to a peak of 10-8 m-equiv/l. 
and this slowly fell off, reaching the arterial level in 2-6 min after starting 
stimulation; the potassium concentration continued to fall reaching a steady 
level of 3-2 m-equiv/l. at the end of the period of stimulation. When stimulation 
was stopped the venous potassium fell lower still and reached a minimum of 
1-4 m-equiv/l. after 6—8 min. 


12 


410 
48 
0 
44 
42 
-10 
T 
--40 
400 lr 
10F ~10 
300 
ot Vv 
200 
+100 
ir 
J0 
ABF 


T 


Fig. 9. Fig. 10. 

Fig. 9. Potassium balance in the dog submaxillary gland. Stimulation at 20 c/s for 6-6 min. 
Ordinates: from below upwards: ABF, arterial blood flow in ml./g/min; V, rate of saliva 
secretion mg/g/min; K,, saliva potassium m-equiv/l.; K,4, Ky, arterial and venous plasma 
potassium m-equiv/l.; K4 is indicated by the dotted line. 


Fig. 10. Same experiment as Fig. 9. Plot of Ly, Dy, Ley and | Ly against time. Ordinates for L,, 
L,, Ly, pequiv/g/min; ordinate for fur. pequiv/g. 


The high level of potassium in the venous drainage from the gland immedi- 
ately after starting stimulation means that the gland is not only failing to 
absorb enough potassium from the blood to replace the potassium being lost in 
the saliva, but is actually losing more potassium into the blood. This is seen 
more clearly when L,, LZ, and Ly are calculated (Fig. 10). At the beginning of 
stimulation the gland is losing potassium into the saliva at a rate of 20 wequiv/ 
g/min and into the blood at 4 .equiv/g/min. After 1-7 min the loss into the blood 


ne 
ial 
Ww 
1) 
8 
ly 
2) 
3) 
of | 
15 
e q ; 
© © a -20 4 
0 
-§ 0 5 10 15 20 —5 0 5 10 15 20 
Min Min 
of 4 
4 
e 
f 
4 
| 


* 
i 


30 A. 8. V. BURGEN 


became converted into a gain of potassium that stabilized at 1-4yequiv/ 
g/min, which slightly exceeded the rate of loss into the saliva of 1-1 wequiv/ 
g/min. The balance then is such that initially the gland is losing potassium 
at a rate of —24yequiv/g/min. At the end of the period of stimulation the 
balance rate is +0-3equiv/g/min. The gland is then virtually in a steady 
state. The summed potassium loss ( J Ly) shows that the gland lost a total of 
20 wequiv/g and that the loss was practically complete in 2 min. On ceasing 
stimulation the gland continues to pick up potassium from the blood to re- 
place that lost during stimulation, and initially the rate of uptake was 
~ lpequiv/g/min but soon declined to ~0-2equiv/g/min owing to the fall 
off in blood flow. In the first 10 min after the end of stimulation the gland had 
regained 4-4 wequiv/g of the lost potassium, but would need about 80 min to 
recover the remaining 15-6 uequiv/g. This accords with what has been said 
previously about the time required for restoration of the initial transient in the 
salivary potassium concentration. 

To return to the error introduced by potassium loss in the lymph. In this 
experiment it will lead to an overestimate of the total potassium loss from the 
gland of ~ 0-36 equiv/g—this error is small and will not affect any of our 
conclusions significantly. 

Figs. 11 and 12 illustrate another experiment in which the rate of stimulation 
was only 0-5 c/s. The pattern of the response was very similar to the previous 
experiment, but the effects were smaller and more extended in time. In this 
case i Ly was still increasing after 16 min stimulation and had reached only 
T-lpequiv/g compared with 20nequiv/g in the previous experiment. The 
recovery of potassium was maintained at a higher rate after cessation of 
stimulation mainly owing to the higher arterial potassium (5-15 m-equiv/l.); 
complete recovery would be expected in 15-20 min. Some data on sodium 
have been included in this experiment. At this low rate of stimulation the 
initial sodium concentration in the saliva was 14-4 m-equiv/l. and rapidly fell 
off to a little over 2 m-equiv/]. More water than sodium was being extracted 
from the arterial plasma and therefore the venous plasma sodium was elevated ; 
in this case it rose to 183 m-equiv/l. compared with 151 m-equiv/l. in the 
arterial plasma. During the recovery period the venous sodium remained 
high, presumably owing to extrusion of sodium from the gland in exchange 
for the potassium being regained. 


Twelve experiments were carried out at rates of 0-5—20 c/s (0-5, 1, 2,3,5(2), — 


8, 10(2), 20(3)), and in every case the pattern was similar to these two experi- 
ments. In all cases the gland lost potassium and the venous potassium initially 
rose higher than the arterial level. 
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Min ; | Min 
Fig. 11. | Fig. 12. 


Fig. 11. Potassium balance in the dog submaxillary gland. Stimulation at 0-5 c/s. for 16 min. 
Ordinates from below upwards: APF, arterial plasma inflow, ml./g/min; V, rate of saliva 
secretion, mg/g/min; K,, saliva potassium, m-equiv/l.; Na,, saliva sodium m-equiv/I. 

Fig. 12. Same experiment as Fig. 11. Ordinates from below upwards: K,4, Ky, arterial, venous 
plasma potassium, m-equiv/l.; Na,, Nay, arterial, venous plasma sodium; K4, and Na, are 


indicated by dotted lines; L,, L,, wequiv/g/min; [tr pequiv/g. 


The relationshvp between rate of potassium loss from the gland 
and the rate of saliva secretion 
The most satisfactory point at which to compare the rates of potassium and 
water loss is at ¢=0. The curves of L,, L,, V may be extrapolated back to t=0 
to obtain these values. . 
There is a nearly linear relationship between Vo) and Lg. such that 


9°05 (Fig. 13); 
similarly, Loin) 9°012 (Fig. 14); 
and 9°25 Lyyuo) (Fig. 15). 


The initial net flux out of the gland into the blood is thus about 25% of the 
initial net flux into the saliva. These two net fluxes show a similar relationship 
to the rate of nerve stimulation and to the initial rate of saliva secretion. In 
addition, the time course of potassium loss in both directions is similar and is 
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Fig. 13. Fig. 14. 


Fig. 13. The relationship of the initial rate of secretion of potassium into the saliva (L449) to 
the initial rate of secretion of saliva (V4) from eight experiments on the dog submaxillary 
gland. 

Fig. 14. The relationship of the initial loss of potassium into the venous blood (La,.9)) to the 
initial rate of secretion of saliva (V,..)). 
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Fig. 15. The relationship of the initial loss of potassium into the saliva (L,,4~5)) 
to the initial loss of potassium into the blood (L4,;_»)). 


related to the rate of nerve stimulation in a similar fashion. The half-time of the 
potassium loss ranges from 0-5 + 0-2 min at the highest rates of stimulation up 
to 2-5+1-0 min at the lowest rate of stimulation (0-5 c/s). The relationship 
between V,, and the ¢,. is not linear. All these results suggest that the © 
initial behaviour of potassium at both the cell faces is very similar and that 
the difference appears to be purely quantitative. 


a wee 


ay 
q 
a 
f 
6 
% 


she 


up 
ip 


the 


at 


SALIVA POTASSIUM 33 


The dependence of the saliva potassium concentration on the plasma 
potassium level 
In these experiments a control series of saliva samples was collected during 
a continuous period of stimulation. The plasma potassium was then raised by 
an infusion of KCl to give a steady level of potassium in the plasma after 
30-40 min. One hour after starting the infusion a new series of saliva samples 


was collected. This could be repeated up to the highest plasma potassium that 
the animal could tolerate without serious circulatory effects. 
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Steady-state saliva potassium concentration (m-equiv/!.) 
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Min Arterial plasma potassium (m-equiv/I.) 
Fig. 16. Fig. 17. 


Fig. 16. Effect on the saliva potassium of raising plasma potassium. Dog, submaxillary gland. 
Stimulation at 10 c/s for 5 min. Lowest curve obtained at pre-existing arterial plasma 
potassium 3-6 m-equiv/l., subsequent curves at plasma levels indicated 6-5, 9-5, 11-7 m- 
equiv/L. 

Fig. 17. Relation between plasma potassium and the saliva potassium in the steady state. Dog, 
submaxillary gland. 10 c/s stimulation in four dogs. 


The experiments of Figs. 16 and 17 were carried out on the dog submaxillary 
gland. In these experiments the whole potassium curve was shifted to a 
higher level by a rise in the plasma potassium level (Fig. 16). However, the 
increase in the potassium transient was smaller than that for the steady state. 
In the steady state there was an approximately linear relationship between 
the salivary potassium and the plasma potassium. This relationship was quite 
constant in different animals (Fig. 17). : 

Experiments with the dog parotid gland yielded similar results, but the 


absolute level of potassium concentration was greater and the rate of rise of 
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saliva potassium concentration with increasing plasma potassium concentra- 
tion was greater. It is interesting that the time constant of the potassium 
transient in the saliva was unaffected by change in the plasma potassium level. 


The effect of temperature on the potassium concentration in the salwa 

The effect of change in body temperature on the potassium concentration 
in the saliva was rather variable. The concentration in both the transient and 
the steady state was either elevated or depressed by fall of body temperature, 
although the former was the more common finding. Clear-cut temperature 
effects were seen on two aspects of potassium secretion. First, the duration 
of the transient was lengthened by a fall, and shortened by a rise in body 
temperature. Secondly, the output of potassium in the saliva (Z,) for any rate 
of nerve stimulation was considerably reduced by a fall of temperature 
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Fig. 18. Effect of change of body temperature on saliva potassium. Dog, submaxillary gland. 
Ordinates: V, rate of saliva secretion, mg/g/min; L,, rate of potassium secretion in the saliva, 
» equiv/g/min ; K,, saliva potassium concentration, m-equiv/l. Abscissa: rectal temperature, 
°C. 


(Qo = 1-6-2-0) as was the secretion of saliva. The reason for the uncertain 
effects on potassium concentration was that the temperature coefficients of 
these two factors were of the same order and approximately balanced. Fig. 18 
illustrates an experiment on temperature showing this kind of result. In the 


steady state both the rate of saliva and potassium secretion gave curvilinear © 


relationships with temperature with a resultant U-shaped response of the 
concentration curve with a minimum at about 35° C. 
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Discussion 


The results described leave little doubt that the secretion of potassium in the 
saliva must be described in two phases. In the first, a transient high rate of 
potassium secretion occurs when the previously inactive gland is activated by 
nerve stimulation. Most of the potassium secreted in this phase comes from 
the intracellular potassium of the gland. In the second phase the output of 
potassium in the saliva is lower and is derived from the plasma through the 
intracellular pool. In this stage a steady state has been set up between plasma, 
salivary cells and the saliva. The concentrations of potassium in the saliva at 
this stage are relatively independent of the rate of nerve stimulation. These 
results are consistent with most reports in the literature. The fall in potassium 
concentration with prolonged stimulation has been shown previously by 
Kesztyus & Martin (1938), but their paper has been largely discounted by 
other authors. Kesztyus & Martin reported a similar response in the sodium 
secretion, but it will be shown elsewhere that this is a somewhat different type 
of response. The relative constancy of the potassium level in human parotid 
saliva is presumably due to the fact that this is a constantly secreting gland, 
so that stimulation of secretion, whether by reflex activation or by drugs, 
produces no transition between rest and activity but just an increase in activity. 
There is only one account in the literature that cannot be correlated with 
our results: that is the report by Wills (1941) that whereas the submaxillary 
glands of both cat and dog lose considerable amounts of potassium when 
stimulated by pilocarpine, the losses are small when the glands are stimulated 
for 35 min through the chorda tympani. In our experiments, although 
the gland had a higher potassium after 30 min stimulation than after 3 min 
the potassium was not restored to normal levels. The initial potassium con- 
centration in the resting glands in Wills’s series was also higher than in ours. 
We are unable to explain this difference in results, although the difference in 
the resting potassium levels suggests this may be due to a difference in the diet 
of the animals or some other feature of their environment. 
The similarity between the initial rate of potassium loss into the saliva and 
into the venous blood, both as regards time course and gradation with rate of 
stimulation, suggests that the nature of the potassium transfer at the two 
faces of the gland cells is fundamentally the same. The difference that leads 
eventually to a net transfer from the blood through the cell into the saliva is 
presumably just quantitative. At the outer cell face, initially, the K efflux was 
greater than K influx, but after the initial period K influx became greater than 
K efflux. The condition at the inner cell face would be satisfied if initially K 
effux> K influx but after the initial period the dominance of K efflux was 
somewhat reduced. In both cases the change to the steady state might be 


explained if a decline in K efflux at both cell faces occurred owing ws a 
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depletion of the internal potassium of the cell. The importance of the demon- 
stration that there is a potassium transient across the outer cell face as well 
as the inner cell face is that the potassium exchanges across the outer face 
between the gland and the blood stream are amenable to analysis by tracer 
techniques, whereas fluxes across the inner face of the cell are not. Without 
such studies it cannot be established whether the acetylcholine liberated at 
postganglionic parasympathetic endings in the glands is acting on the K influx, 
K efflux or on both. 

In considering why there should be any asymmetry in the gland with 
respect to potassium it must be remembered that during secretion water is 
flowing through the gland cells in the direction from the blood to the lumen and 
that by frictional drag this solvent flow might tend to raise K influx at the 
outer cell face by facilitating K influx and hindering K efflux and have the 
converse effect at the inner face. Ussing (1954) has recently found that 
asymmetrical diffusion of thiourea can occur across frog’s skin with active 
water transfer. It may well be that such an effect is sufficient to account for 
the asymmetry of these gland cells and for the secretion of potassium at a 
higher concentration than in the plasma. Another example of secretion in 
both directions by the salivary gland has been reported recently by Hilton & 
Lewis (1955), who have found a bradykinin-like vasodilator substance in both 
saliva and submaxillary venous blood. 

There is an alternative possible explanation of a raised potassium concentra- 
tion in the venous blood, similar in time course and proportional in magnitude 
to the potassium transient in the saliva. Potassium secreted by the salivary 
gland into the acinar lumen may be able to diffuse through the intercellular 
spaces back into the blood. If the intercellular space permits the diffusion 
of potassium it would presumably also permit the passage of water, sodium 
and other small molecules. Such a process is compatible with the knowncom- 
position of saliva and in fact would provide a satisfying explanation of many 
otherwise intractable facts: but the data presented in this paper are not 
adequate to exclude either of these explanations. Experiments designed to 
test for intercellular diffusion are in progress and further discussion of this 
question will be deferred. 

For comparison with results obtained with tracers on nerve and muscle cells 
it is useful to convert the data to net flux/cm? cell surface/sec. The approxi- 
mate outer cell surface is 2-5 x 10° cm?/g, and the inner cell surface (assuming 
that all the cell except its base is available for secretion) is 7-5 x 10* cm?/g: 
this latter figure is the maximum surface—the effective surface may be much 
smaller. Using the results shown in Fig. 15, the maximum net flux across the 
outer cell face will thus be about 30-40 pmole/cm?/sec., and that across the 
inner cell face a little larger. Our present figures of course give us no clue as to 
how much larger the absolute fluxes might be nor as to the level of resting flux 
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in the gland, but nevertheless the maximum net fluxes are of the same order 
as the absolute resting fluxes in squid and crab nerve (Hodgkin & Keynes, 
1954). 

One of the curiosities of the steady state situation is that the total potassium 
lost from the gland is always less than 50% of the resting level—in 3 min when 
the loss is about maximal at rates of stimulation of 10/sec or greater, the mean 
amount of potassium retained in the stimulated gland was 58% of the amount 
in the resting gland with a range of 56-61 %,. This is very similar to the level 
of potassium found in isolated tissue slices in which metabolism has been 
blocked by cooling, by an atmosphere of nitrogen or by metabolic poisons. 
For instance, Mudge (1954) found that fresh kidney slices contained 90 m- 
equiv K/kg H,O, and on adding metabolic inhibitors the concentration fell 
to 25-40 m-equiv K/kg H,O. Most of this residual potassium was not lost 
even after prolonged incubation in a potassium-free medium. 

The increased saliva potassium concentration that accompanies the increase 
of plasma potassium during steady state secretion is presumably due to the 
maintenance of a higher intracellular potassium concentration under these 
conditions. If the inward permeability to potassium is independent of the 
external concentration, then the influx of potassium across the outer cell face 
would be expected to rise proportionately to the plasma concentration. This 
greater influx would raise the intracellular potassium, which would increase 
the initial saliva potassium, and in the steady state maintain the intracellular 
and hence the saliva potassium at a raised level. The presence of this relation- 
ship is likely in an experiment reported by de Beer & Wilson (1932), although 
these authors concluded that there was no such relationship between plasma 
and salivary potassium levels. The constant relationship between the saliva 
and plasma potassium in the steady state is remarkable, and is very interesting 
in connexion with attempts to assess adrenocortical function by the salivary 
Na/K ratio (Grad, 1952; White, Entmacher, Rubin & Leiter, 1955). A change 
of plasma potassium level will change the ratio, quite apart from any changes 
due to hormonal influences. In one experiment on the dog submaxillary gland 
the Na/K ratio was 10-3 when the plasma K was 3-1 m-equiv/I. and fell to 3-0 
when the plasma K was raised to 10 m-equiv/l. It is difficult to know to what 
extent the changes in Na/K ratio reported in disease, and after administra- 
tion of adrenal corticoids, merely reflect changes in the plasma potassium. 

The behaviour of the gland when subject to change in temperature is not 
too suprising. It seems probable that the potassium influx into the gland is an 
active process with a high temperature coefficient, whereas the efflux of 
potassium is passive and has a relatively low temperature coefficient, as is the 
case in nerve (Hodgkin & Keynes, 1955). But we must remember that in a 
secretory cell we have to deal with two membranes connected in series opposi- 
tion and that the effect of temperature on one membrane is likely to be sub- 
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stantially nullified by the counter action on the other membrane. Thus the 
small and variable effect of temperature on net potassium transfer may conceal 
a much larger effect on the potassium fluxes across the cell membrane. 

In our discussion potassium secretion has been treated as though it was 
independent of the secretion of other ions. This seems to be most improbable, 
but correlation with the other ions must await a more detailed study of their 
behaviour. For instance, although on first sight it would seem that sodium 
transfer is quite different from that of potassium a large part of this apparent 
difference may reside in the much smaller intracellular reservoir for sodium as 
compared with that for potassium and the fact that the intracellular sodium 
rises during stimulation. Finally we must consider how the changes we have 
described are brought about. There is no serious doubt that the effects of para- 
sympathetic nerve stimulation on the salivary glands are produced through 
the chemical mediation of acetylcholine. The exact mode of nerve ending on 
these cells is obscure, but it is obvious that to produce effects at both the inner 
and the outer cell face the transmitter must be able to reach both these sites. 
The transmitter produces an effect on potassium transfer and probably on 
sodium, chloride and other electrolytes: but a more detailed description of these 
actions must await the results of tracer experiments. 


SuMMARY 


1. The concentration of potassium in the saliva secreted from a previously 
inactive gland has an initial transient phase which passes into a lower steady 
state level. This potassium transient has been shown in saliva secreted from 
the cat and dog submaxillary gland and from the dog parotid gland. 

2. During the transient phase the intracellular potassium of the gland 
declined and was partially replaced by sodium. 

3. Initially the gland loses potassium into the blood as well as into the 
saliva. Subsequently the gland extracts potassium from the blood to maintain 
its potassium output. 

4. The initial rates of loss of potassium into the blood and saliva are directly 
related to each other and to the rate of saliva secretion. 

5. Both the initial potassium transient and the steady level are increased 
by a rise in the plasma potassium. 

6. Change of body temperature has little effect on the potassium concentra- 
tion in the saliva. 

I am indebted to the National Research Council of Canada for generous support, to Miss Norah 
Pedley for expert assistance, and to Dr K. G. Terroux for much help and discussion. 
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MODULATION OF CUTANEOUS MECHANORECEPTORS BY 
SYMPATHETIC STIMULATION 


By WERNER R. LOEWENSTEIN* 
From the Department of Zoology, University of California, 
Los Angeles 


(Received 12 September 1955) 


It has long been known that stimulation of the sympathetic nerve supply to 
skeletal muscle causes relief of fatigue (Orbeli, 1923). In the frog, this has 
recently been shown to be due to a facilitation of neuromuscular transmission 
brought about by an increased sensitivity of the motor end-plate to acetyl- 
choline (Hutter & Loewenstein, 1955). The effect is small, the improvement of 
transmission seldom exceeding 10%. Teleological considerations led to the 
present work. The smallness of the effect induced speculation on a more 
general sympathetic facilitation fractioned at various stages of the reflex 
system. The possibility of a sympathetic influence on cutaneous mechano- 
receptors is here tested. It was found that stimulation of the sympathetic nerve 
supply to an isolated frog’s skin or application of adrenaline or noradrenaline 
alter the response of a tactile receptor to a mechanical stimulus, decreasing 
adaptation rate and threshold, and, eventually, causing spontaneous activity 
in the receptor. A preliminary report has appeared elsewhere (Loewenstein, 
1955). 

Physiological interest in a possible action of the sympathetic system on 
sense organs dates from Claude Bernard’s (1851) observations of changes in 
cutaneous sensibility following the extirpation of the cervical ganglion in the 
cat. Since then, a great number of contradictory claims of a sympathetic 
influence on many kinds of sense modalities have been presented (see v. 
Briicke, 1932, for a review). Within the technical limitations then existing 
the conclusions were based either on subjective tests, on clinical observatious 
or on reflex excitability measurements, without eliminating the possibility 
of the sympathetic system influencing parts of the reflex arc other than the 
receptor and, generally, of circulatory changes masking the observed effects. 


* Present address, Instituto de Fisiologia, Universidad de Chile, Casilla 6524, Santiago, Chile. 
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SYMPATHETIC RECEPTOR FACILITATION 


METHODS 


Isolated skin-nerve preparations of the frog’s (Rana pipiens) dorsum, abdomen and limbs were used. 
The preparations were set up in Ringer’s solution under oil in a lucite vessel (Fig. 1). Ring B and 
the bottom of the veasel functioned like an embroidery hoop. The excised skin was clamped to the 
bottom by means of ring B, its internal surface facing upwards and serving as floor to the bath. 

The afferent activity of the corresponding skin nerves was recorded in oil, while Ringer's 
solutions R could be applied or exchanged with a syringe below the interface or while the external 
skin surface was stimulated mechanically. Alternatively, for applications of drugs or hormones the 
Ringer’s solution bathing the internal surface of the skin (about 0-4 ml.) could be completely 
sucked away and replaced by another containing the drug or hormone at the desired concentration. 


Fig. 1. Electrode arrangements and mechanical stimulator. R, Ringer's solution; S, skin; B, ring 
serving as skin clamp; L, lever for mechanical stimulation of skin; D, dashpot; G,, channel 
connected with r.c.c.m.; G,, channel for contiguous overlapping skin nerve; 1X and X, 
ganglia of the sympathetic chain. Sympathetic chain stimulated with cathode below 
ganglion VIII. 


In experiments in which the cutaneous sympathetic nerve supply was stimulated, a piece of skin 
from the hind-limb, innervated by ramus cutaneus cruris medialis (r.c.c.m.) was used. The 9th 
and 10th spinal nerves were cut and dissected from their vertebral emergence and freed up to and 
together with the offbranching r.c.c.m. The sympathetic chain was prepared as described in an 
earlier paper (Hutter & Loewenstein, 1955). Thus the isolated preparation consisting of sympa- 
thetic chain, sciatic nerve, r.c.c.m. and skin patch was set up in the bath as illustrated in Fig. 1. 
In a series of experiments a neighbouring fine skin nerve with an overlapping sensory field with 
r.c.c.m. was also dissected and the afferent activity recorded in both skin nerves, G,, G,. The 
sympathetic chain was stimulated in oil with square voltage pulses of 1 to 2 msec duration, 
stretches of the sciatic nerve remaining in the Ringer’s solution of a small compartment to prevent 
spread of current to motor or sensory fibres of the sciatic nerve. The stimulating cathode was 
placed below sympathetic ganglion VIII and the efferent sympathetic volleys recorded at r.c.c.m. 
Under these conditions mainly preganglionic sympathetic fibres with synapses in ganglia IX and X 
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are stimulated (Hutter & Loewenstein, 1955). Action potentials were fed through condenser- 
coupled amplifiers into a double-beam 

Mechanical of the skin whe dome with lever sospended on clock bearings seneitive 
to 2-5 mg. An angular lever H served as motion trigger. Impact oscillations were damped with 
an oil dashpot D. Mechanical stimuli of 1-3 sec duration were applied to the external skin surface 
with either of two interchangeable tips 7’, with diameters of 0-25 and 4 mm of contact surface, 
referred to in the text as fine and broad tip respectively. The diameter of the functionally intact 
skin was usually 17 mm. In a few experiments, in which a smaller diameter of 8 mm was desired for 
histological control, a funnel-shaped lucite adapter A with ring was pressed to the bottom of the 
bath. For the study of the effects of stretch a device was constructed which permitted a circular 
piece of skin to be subjected to circumferential stretching at variable tension, thus, a given point 
of the skin to which the tactile stimulus was applied would show no detectable displacement at 
any degree of tension. It is intended to publish a detailed description of the apparatus. When 
afferent impulses were recorded in single nerve fibres, a functional single fibre was dissected and 
selected for recording at the entrance of r.c.c.m. into the sciatic trunk. 

In view of the results described under the heading of spontaneous tactile activity, all studies on 
receptor facilitation were carried out on ‘slack’ preparations giving no spontaneous activity. It 
should be kept in mind that the present experimental conditions did not allow work at zero stretch. 
The lowest possible degree of stretch of the preparation, designated by ‘slack’, is determined by 
the pressure of the column of fluid of the bath. For the study of spontaneous tactile activity, 
unless stated otherwise, only well-stretched preparations were used. 

Fig. 2 illustrates the arrangement employed for polarization of sensory endings of the skin. 
Direct currents were passed through the skin by means of two flattened spirals of platinum wire 
facing the external and internal skin surface respectively. Contact between the external electrode 
and the skin was generally made with a piece of cotton soaked in Ringer’s solution or directly 
through Ringer’s fluid. The internal electrode placed in the Ringer’s solution of the bath served 
usually as the recording ground lead. 

Frog’s Ringer’s solution was used at approx. pH 6-9 of the following ionic composition ex- 
pressed in m-mole/l.: Nat, 112-8; K+, 2-7; Ca*+, 1-8; Cl-, 117-3; HOO,, 1-8. Adrenaline chloride 
(natural, Parke, Davis and Co. or Horton and Converse), adrenaline bitartrate (synthetic, 
Winthrop-Stearns), noradrenaline bitartrate (Winthrop-Stearns) and acetylcholine chloride 
(Merck) were used. The experiments were done during the months of October to April at room 
temperature, varying from 20 to 26° C. 


RESULTS 

Changes in tactile response pattern to an adequate mechanical stimulus. With 
mechanical stimulation of the skin at constant intensity and at regular 
intervals, a fairly constant pattern of tactile discharges results. Fig. 3a shows 
such a pattern from a series of mechanical stimulations at 0-5/sec of two active 
fibres in r.c.c.m. and of two fibres in a neighbouring skin nerve serving an over- 
lapping sensory field with the former. While the mechanical stimulation con- 
tinues regularly at 0-5/sec at constant strength, the sympathetic nerve supply 
to the skin is stimulated at 5/sec, causing changes in the pattern (Fig. 35). 
The duration of the discharge and the total number of tactile spikes increase in 
both skin nerves under the influence of sympathetic stimulation. The tactile 
stimulation of the example illustrated in Fig. 3 was done with the fine tip of 
the lever and a weight of only 250 mg. With a broader stimulated surface and 
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a greater weight, more receptors respond to the mechanical stimulus and 
sympathetic stimulation brings about a more striking increase in the impulse 
pattern. For instance, a discharge of 15 tactile impulses lasting 110 msec 
increased to 25 impulses lasting 260 msec during sympathetic stimulation. 


+ Y 


A 
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100 
Fig. 2. Fig. 3. 


Fig. 2. Arrangement for polarization of the skin with direct current. See text for details. 


Fig. 3. Changes in threshold and adaptation of tactile receptors due to sympathetic stimulation. 
Tactile response patterns to a standard mechanical stimulus are recorded simultaneously in 
r.c.¢.m. (lower beam) and in a contiguous overlapping skin nerve (upper beam). Tactile response 
to 250 mg: a, before; b, during stimulation of sympathetic chain at 5/sec. Record taken at 
8 sec. after start of sympathetic stimulation. Two slow action potentials of the efferent 
sympathetic volleys are seen in r.c.c.m., together with the fast afferent potentials of tactile 
fibres. c, 12 sec after end of sympathetic stimulation. The small spikes of upper beam are 
discharges from the tactile fibres of r.c.c.m., which under the recording conditions of this 
experiment were picked up in the upper beam. Time, 50 msec. 
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Although this effect is more impressive, a discharge involving only a few 
receptors, as exemplified in Fig. 3, is more suitable for analysis. Accordingly, 
most of the experiments under this heading were done with one to three active 
receptors only. In the skin nerve contiguous to r.c.c.m. a tactile receptor not 
firing before sympathetic stimulation with the stimulus of 250 mg, is thrown 
into activity with the same weight under the influence of the incoming sym- 
pathetic volleys to the skin, indicating a lowering of threshold (Fig. 3). 
Another receptor discharging 2 impulses before sympathetic stimulation fires 
an extra impulse during sympathetic stimulation. Similar effects are seen in 
r.c.¢,m. 

Decrease in threshold and increase in the number of discharged impulses of 
tactile receptors were found in all preparations tested, whenever sympathetic 
impulses could be detected in the skin nerves. For brevity this effect will 
henceforth be referred to in the text as ‘receptor facilitation’. The effect could, 
however, not be shown in all tactile receptors of a given preparation. An 
average of one out of three experiments, several being done on each skin pre- 
paration stimulating mechanically different spots, showed an increased amount 
of discharges and one out of seven lowered threshold. The lowering of threshold 
seldom amounts to more than 10°, , the change in the number of fired impulses 
being the more prominent feature. The number of impulses discharged by a 
single tactile receptor in response to a given mechanical stimulus was found to 
increase by from 1-25- to 15-fold. In a series of experiments the number of 
impulses discharged in response to mechanical stimuli of threshold value was 
found to increase up to 12-fold during sympathetic stimulation. Since the 
stimulus strength was held at threshold before and during sympathetic 
stimulation, the enhancement of the discharge can be interpreted as a lowering 
of adaptation rate of the receptor. The facilitation is preceded by a latent 
period of 2—4 sec and outlasts sympathetic stimulation by 5—25 sec, the original 
pattern of tactile discharge being recovered thereafter. 

Besides the highly adaptive tactile receptor another mechanoreceptor of 
much slower adaptation is present in the skin of the frog and toad (Fessard & 
Segers, 1943a, 6; Maruhashi, Mizuguchi & Tasaki, 1952). This receptor is 
insensitive to light tactile stimulation but responds readily to stretch applied 
to the skin, presenting a static discharge and the characteristics of a stretch 
receptor (Loewenstein, in preparation). Its impulses are conveyed in more 
slowly conducting axons than the tactile fibres, its action potentials recorded 
in a compound skin nerve are considerably smaller than the potentials of 
tactile fibres. The static activity of this stretch receptor, as recorded at various 
degrees of stretch, remains unaffected by sympathetic stimulation (Figs. 4, 7). 

Spontaneous tactile activity. In some extreme cases of facilitation, sym- 
pathetic stimulation turns the ordinarily highly adaptive tactile receptor into 
a slowly adapting one. A given mechanical stimulus, originally producing one 
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single tactile impulse, after sympathetic stimulation may cause a tactile 
ending to fire up to fifteen times. | 

Frequently sympathetic stimulation produces spontaneous discharges in 
tactile endings in the absence of all ‘adequate mechanical stimulus’. The 
‘adequate mechanical stimulus’ is here defined as the mechanical stimulus 
applied to the exterior surface of the skin which ordinarily, without sympa- 
thetic activation or other kinds of sensitization, produces firing of touch 


Fig. 4. Spontaneous activity in tactile receptors due to sympathetic stimulation. Records are 
taken in r.c.c.m. (A, lower beam) and adjacent overlapping skin nerve (B, upper beam). 
a, tactile silence of the undisturbed preparation; b, after the arrival of four sympathetic 
volleys at 1 per sec to the skin. Note the abundant tactile discharges in r.c.c.m. starting after 
the arrival of the second sympathetic volley. Two tactile impulses are discharged in neigh- 
bouring nerve. The four large deflexions of upper beam are stimulus artifacts. c, 5 sec after end 
of sympathetic stimulation. The small potentials of upper beam in a, b and c are from stretch 
fibres: note that their activity is not noticeably altered by sympathetic stimulation. Time, 
600 msec. 


receptors, Fig. 4 illustrates a typical example. The arrival of four sympathetic 
volleys to the skin, conveyed by r.c.c.m., causes the heretofore silent tactile 
receptors of this and of the adjacent skin-nerve to fire in the absence of 
all mechanical stimulus. For brevity, the effect will henceforth be called 
‘spontaneous tactile activity’. The spontaneous tactile activity has a latent 
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period of 1-4 sec and outlasts sympathetic stimulation by from 0-25 to 15 sec. 
Reversal of the effect is always obtained. 

No regular relationship between the number or frequency of sympathetic 
volleys and the resulting afferent tactile impulses was found. It is noteworthy 
that often a few sympathetic impulses were sufficient to trigger the spontaneous 
activity (see Fig. 4). For instance, a discharge of a single tactile unit con- 
taining 12 impulses lasting 3 sec followed the arrival of one single sympathetic 
impulse to the skin. After prolonged sympathetic stimulation (over 1 min) 
at 10 per sec, intense spontaneous tactile activity lasting more than 40 sec 
and containing periodic bursts of impulses was sometimes seen (Fig. 11a). Once 
obtained in a given preparation, the spontaneous activity can repeatedly be 
produced, but here the above-mentioned fickleness of the effect becomes most 
apparent: the minimal number and frequency of sympathetic stimuli required 
to produce the effect, on the one hand, and the number of resulting tactile 
impulses, on the other, vary greatly in successive sympathetic stimulations at 
regular intervals. Lability of transmission at the sympathetic ganglionic 
synapses cannot be blamed for this behaviour, since frequencies of 10 per sec 
or higher are well carried across the sympathetic synapses of the present 
preparation. 

The degree of initial stretch of the skin is important for the appearance of 
spontaneous tactile activity. In slack preparations the effect is less frequently 
found than in well-stretched ones. The relationship between stretch and 
spontaneous activity is studied in the section on adrenaline. 

Sympathetic stimulation has no detectable spontaneous effect on the stretch 
receptor of the skin. 

Adrenaline and noradrenaline 


Changes in tactile response pattern to an adequate mechanical stimulus. The 


described sympathetic effects are readily reproduced with adrenaline (natural 
or synthetic). All experiments with adrenaline or noradrenaline were done, 
unless stated otherwise, with concentrations of 1 g in 10° ml. Fig. 5 shows an 
experiment in which application of adrenaline to the inner side of the skin 
changes the tactile discharge pattern to a standard mechanical stimulus of 
200 mg in a sympathomimetic fashion. The total duration of the discharge is 
prolonged from 39 to 245 msec and the number of contained impulses in- 
creased from 4 to 7. Both lowering of threshold, as indicated by recruitment 
of a new tactile fibre, and slowing of adaptation of two receptors have taken 
place. 

A rough assessment of the increase in tactile excitability produced by adrena- 
line was gained as follows: a weight was chosen which would cause one to three 
receptors to discharge, being below threshold by a measurable amount of 


weight for another receptor. For example 150 mg would fire two receptors. — 


With application of adrenaline a new third receptor joins the discharge 
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pattern. Before the application of the hormone in order to bring this receptor 
into activity the mechanical stimulus had to be augmented by 15 mg. The 
lowering of threshold with adrenaline is expressed crudely by the additional 
weight, The average lowering of threshold was about 10%. Quantitatively 
more prominent is the change in adaptation rate caused by adrenaline. The 
number of discharges of a single tactile receptor in response to a given 
mechanical stimulus increase by from 1-20 to 18 times under the influence of 
adrenaline. Ten out of fifteen preparations yielded the effect. The latent period 


Fig. 5. Changes in threshold and adaptation of tactile receptors caused by adrenaline. Tactile 
response to 200 mg: a, before, b, after application of adrenaline, 1 g in 10° ml. to the inner 
skin surface. Time, 50 msec. ; 


of the facilitation caused by adrenaline (4-15 sec) is longer and considerably 
more variable than the latency of the sympathetic effect. Reversal is usually 
obtained, but requires prolonged washing of the preparation. 

Spontaneous tactile activity. In well-stretched preparations application of 
adrenaline produces a long lasting spontaneous activity of tactile endings in 
the absence of all adequate mechanical stimulation. The effect was found in 
80°% of the preparations tested, and generally involves a larger number of 
tactile fibres than the analogous phenomenon caused by sympathetic stimula- 
tion. The time course of a typical spontaneous discharge, recorded in a 
cutaneous nerve containing multiple active fibres, is shown in Fig. 6. After a 
latent period of 4 sec a great number of receptors start to fire, the frequency of 
the total number of impulses reaching a peak at 10-15 sec after application of 
the hormone. 

In fifteen preparations application of adrenaline resulted in peak frequencies 
varying between 5 and 35 impulses/sec in multifibre preparations. The time 
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course of the discharges often presented two maxima as in Fig. 6. In the same 
preparation, under equal conditions, successive applications at regular intervals 
of 20 min often yielded similar time courses, the peak frequencies showing 
always a declining trend. As with sympathetic stimulation, stretch is a factor 


Seconds after noradrenaline 


Fig. 6. Spontaneous tactile activity caused by noradrenaline. @—6, first; O—O, second; 
@—®@, third application of 1 g in 10° ml. noradrenaline at 20 min intervals. Ordinates, 
total frequency of tactile impulses in a multifibre preparation. 


favouring the production of spontaneous tactile activity by adrenaline. Fig. 7 
gives an example of the influence of stretch. A small nerve bundle is dissected 
containing two functioning tactile fibres and one stretch fibre with static 
discharge. Equal doses of adrenaline are applied at intervals of 15 min, while 
the skin is subjected to a different degree of stretch before each application. 
The number of tactile impulses augments with increasing stretch in both 
tactile receptors even against the gradient of time. One of the tactile receptors 
not activated by adrenaline at lower degrees of stretch is thrown into activity 
at high stretch. Although stretch is a favouring factor it is not an indis- 
pensable condition for all tactile fibres. Spontaneous firing with adrenaline 
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occurs also in ‘slack’ preparations (see methods) under the experimental 
conditions of the present work. 

Besides the small fibres (Maruhashi et al. 1952), the frog’s skin presents large 
fibres sensitive to relatively low concentrations (10-*m) of acetic acid (Diecke, 
personal communication). The characteristics of their action potentials are 
apparently the same as those of tactile fibres. Even if their acid specificity 
remains to be decided, it seemed desirable to ascertain whether the spontaneous 
receptor activity was actually produced, not by tactile fibres but by acid or 
other kinds of specific cutaneous receptors. Experiments done with anatomi- 
cally single tactile fibres yielding spontaneous tactile activity with adrenaline 
ruled out the former possibility. . 


Fig. 7. Effect of skin tension on spontaneous tactile activity caused by adrenaline. Records from 
a dissected bundle containing two functioning tactile fibres (large spikes) and one stretch 
fibre (small spikes) at three degrees of initial stretch increasing from A toC. 1, before; 2, after 
application of 1 g in 10* ml. adrenaline. Note that one tactile receptor is activated by 
adrenaline only at highest stretch. The gap in C means 4-5 sec of tactile silence. Time, 1 sec. 


The minimal effective dose of adrenaline causing spontaneous tactile 
activity was of the order of 1 g in 10° ml. 

Applications of noradrenaline gave results in all respects similar to those 
observed with adrenaline. Applications of the amines did not affect the 
activity of the cutaneous stretch receptor. 


Direct current 
Changes in tactile response pattern to an adequate mechanical stimulus. The 


prolonged latent period and duration of the sympathetic receptor facilitation 


and spontaneous tactile activity strongly suggest the release, at the sympathetic 
PHYSIO. CXXXII 
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endings of the skin, of a chemical mediator taking some time to reach the tactile 
endings. It seems desirable to gain histological support for this idea, but, as 
far as I know, histological studies of the sympathetic innervation of the frog’s 
skin have not been done. The above assumption rests on grounds of analogy 
with findings in mammals. Boecke (1933) described a Meissner’s corpuscle 
with a sympathetic reticulum coiled around its body. Release of a mediator 
is also postulated for the sympathetic terminals surrounding the neuromuscular 
junction. There is little doubt that an adrenaline-like substance is the inter- 
mediary of the sympathetic neuromuscular facilitation. In fact, Lehmann 
(see Tiegs, 1953) and Tiegs (1935) have given direct evidence for it. Let it 
be assumed here, until further analysis below, that adrenaline or noradrenaline 
is the mediator of the facilitatory effects on tactile receptors. It is difficult to 
escape the thought that adrenaline has an electrogenic action. Actually, the 
response of the tactile receptor to adrenaline bears close resemblance to the 


Fig. 8. Facilitation of a tactile response to a mechanical stimulus by a subthreshold current. 
Tactile response to 100 mg: a, before; 6, during; c, after passing direct current of 0-06 mA 
inwardly across the skin. Time, 50 msec, 


behaviour of these receptors under the influence of a direct current. When a 
direct current is flowing through the frog’s skin, action potentials are recorded 
in tactile fibres (Maruhashi et al. 1952; Alanis, 1953). With current intensities 
below the threshold of firing, modification of the tactile response pattern to an 
adequate mechanical stimulus is observed. Fig. 8 illustrates this in a repre- 
sentative case. While the skin is stimulated mechanically at regular intervals 
with the lever device, a subthreshold direct current is passed, flowing from 
outside to inside through the skin, causing an immediate increase in the 
number of impulses and duration of the discharge. Lowering of threshold and 
slowing of adaptation, the latter more frequently than the former, were con- 
sistently found. Other cases of interaction in mechanoreceptors between a 
direct current and a mechanical stimulus have been reported for the labyrin- 
thine end-organs of the ray (O. Lowenstein, 1955) and for the nerve endings of 
the frog’s muscle spindle (Matthews, 1931; Edwards, 1954). 

Spontaneous tactile activity. With periodical stimulation with stepwise in- 
creasing currents flowing inwardly through the skin, the number of tactile 
impulses and the duration of the discharge augment until finally an intensity 
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is reached causing a relatively slow adapting discharge lasting for about a 
minute (Fig. 9). It cannot be said with certainty whether the current actually 
excites the nerve terminal or the thick fibre. However, the interaction of a 
mechanical stimulus and a subthreshold current can only be understood to 
have taken place at the receptor level and it becomes likely, therefore, that with 
threshold and suprathreshold currents the receptor ending is excited too. _ 
Many of the characteristics of nerve fibres under the influence of a direct 
current, such as proportionality of discharged impulses and stimulating current, 
cathodal and postanodal changes of excitability (cf. Skoglund, 1942; Granit & 
Skoglund, 1943; Hodgkin, 1948), were found to be also valid for the receptor. 


Fig. 9. Interaction of adrenaline and a direct current. Tactile response to a, 0-08; 6, 0-1; c. 0-15 
mA recorded in a skin nerve, I before and II after addition of subthreshold dose of adrenaline. 
Time, 600 msec. 


Characteristically, excitation of the tactile endings only occurs with a current 
flowing from outside to inside through the skin. Within certain limits of in- 
tensity, currents flowing in an opposite direction not only fail to excite but 
may depress the receptor’s excitability to an inwardly flowing current even 
for several seconds after reversal of the current. 

Interaction of adrenaline and a direct current. The similarities between the 
effects of a direct current and adrenaline on tactile receptors prompted the 
search for an interaction between the two agents. I have, in fact, found that 
subthreshold doses of adrenaline add up to the threshold of firing of tactile units 
with subthreshold currents and that the response of touch fibres to threshold 
or suprathreshold direct currents is potentiated with applications of a sub- 
threshold dose of adrenaline (Fig. 9). 


The sympathetic innervation of the skin 
On stimulation of the sympathetic chain three groups of sympathetic fibres 


are regularly detected in the sciatic nerve (Fig. 10, Ila). We find a fast group. 
4-2 
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conducting at velocities between 3 and 6 m/sec at 20-26° C, and a slower 
group conducting at 0-4—0-6 m/sec. Both components appear simultaneously 
as the stimulating voltage is increased. With a stimulus strength about ten 
times that necessary to demonstrate these groups, we detect a third group of 
fibres conducting at 0-2 m/sec (Erlanger & Gasser, 1930; Bishop & O’Leary, 
1938; Hutter & Loewenstein, 1955). In the motor nerves only the slowest- 
conducting group is present (Fig. 10, I1b), this group being responsible for a 


| 


Fig. 10. Sympathetic fibre spectrum of cutaneous and motor nerves, Sympathetic chain S is 
stimulated with cathode below ganglion VIII, I with maximal intensity for the two faster 
fibre groups only; II with maximal intensity for all groups. Records taken at: a, sciatic 
trunk; 6, motor nerve to gastrocnemius; c, skin nerve r.c.c.m.: 6 andc taken simultaneously. 
Stimulation and recording is done in oil while portions of the sciatic not in contact with 
electrodes are. submerged in Ringer’s solution. Calibration of abscissa 50 cycles; ordinates 
50 mV. 


Ringer 


facilitation at the neuromuscular junction (Hutter & Loewenstein, 1955). The 
skin nerves contain all three components of the sympathetic spectrum, although 
considerably more dispersed (Fig. 10, IIc). The relatively small number of 
sympathetic fibres running in the fine skin nerves contributing little to the 
integration of the potentials accounts for this dispersion. 

Which are the sympathetic fibres responsible for the facilitation and 
spontaneous activity observed in tactile receptors? The large difference in 
threshold between the slowest-conducting group, on one hand, and the two 
‘faster’ groups, on the other, made it easy to establish that the sympathetic 

tactile effects are concomitant with the appearance of the two ‘faster’ com- 
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ponents, but do not depend on the ‘slowest’ group. It was not possible, owing 
to their practically equal thresholds, further to distinguish between the 
‘faster’ fibre groups for decision on the origin of the effect. 


The mediator 


In view of the long latency and the analogous results with adrenaline, it was 
held implicit throughout the present work that the sympathetic fibres involved 
were adrenergic and that the effect was mediated by a substance. Fortunately 
the high sensitivity to adrenaline of well-stretched preparations, yielding 
spontaneous tactile activity, made it possible to give direct evidence for the 
release of a substance and its nature. Two skin preparations were set up in these 
experiments (Fig. 11). The sympathetic supply to preparation S, was stimu- 
lated for 1 min at 10 per sec, spontaneous tactile activity being detected in the 
skin nerve of S,. The Ringer’s solution bathing preparation S, was now drained 
to the second preparation S,. After a latent period of 10 sec, tactile impulses 
were recorded in the cutaneous nerve of S,. Previous controls with the super- 
fusate of S, gave negative results. After another period of 1 min of sympa- 
thetic stimulation at 10 per sec in S,, with its consecutive tactile discharge, the 
Ringer’s solution of S, was now used to perfuse a sensitive, isolated, spon- 
taneously beating frog’s heart (Rana pipiens). A positive chrono- and inotropic 
cardiac effect could be detected. The results show that an adrenaline-like 
substance is released during sympathetic stimulation in one preparation which 
is able to reproduce the sympathetic tactile effects in another one. 

Although the experiments were not specially designed for quantitative 
purposes, the high sensitivity of the tactile receptors to the released adrenaline- 
like substance was revealed by the following observation: while in about half 
of nine pairs of skin preparations tested, S, would respond with tactile activity 
to the content of S,, a proportion of only approximately one out of ten frog’s 
hearts was found sensitive enough to show a chrono- or inotropic effect with 
the content of S,. These hearts gave a clear response to adrenaline at a con- 
centration of 10-* g/ml., comparable to the sensitivity of those in Loewi's (1921, 
1936) classical experiments. The tactile ending in the frog thus compares in 
sensitivity with pharmacological test organs for adrenaline. 

Acetylcholine. Before the results described in the previous section were 
obtained, and in the hope of gaining some differential evidence on whether the 
effect is mediated by cholinergic or adrenergic cutaneous sympathetic fibres, 
a few experiments with acetylcholine were done. It appeared of general in- 
terest to study the action of acetylcholine on nerve endings in view of the well- 
known depolarizing action at junctions. While adrenaline and sympathetic 
stimulation affect selectively the tactile endings, acetylcholine was found to 
act mainly on other types of receptors, the impulses of which travel in smaller 
fibres. With concentrations of 7g in 10° ml. the spontaneous small fibre 
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activity of the skin nerves increased two- to threefold its original frequency and, 
at the same time, very slowly conducted potentials appeared (Fig. 12). It is 
not safe to state anything else for the present about the functional indi- 
viduality of these fibres than that they are not tactile ones. At concentrations 
of 1 g in 10° ml. and higher generally some tactile fibres were also activated, 


Fig. 11. The adrenaline-like mediator. a, stimulation of sympathetic supply A to skin prepara- 
tion S, results in tactile activity in the hitherto silent skin nerve R (lower beam). Note 
burst-like discharge of touch receptors. Upper beam shows last artifacts of 1 min stimulation 
at 10 per sec. Time, 500 msec. 5, spontaneous tactile activity resulting in nerve R of skin 
preparation S, starting 10 sec after bathing S, with Ringer's solution drained from S, after 
end of sympathetic stimulation in 8,. Time, 500 msec. c, effects on isolated frog’s heart H 
perfused with Ringer’s solution content of 8, after a new sympathetic stimulation in «. 
Arrow marks start of perfusion with content of S,. Kymographic record. Time, 10 sec. 


discharging at average frequencies of 0-1—5/sec; but this effect looks meagre 
indeed if compared with the tactile activity produced by adrenaline. The 
results with acetylcholine on tactile fibres are in accord with Jarrett’s (1955) 
recent report on excitation of tactile fibres of the frog’s skin with acetylcholine. 
After prolonged washing reversal is obtained. 
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Fig. 12. Effect of acetylcholine on small fibre activity. Spontaneous activity in cutaneous small 
fibres: a, before; 6, 10 sec after application of acetylcholine 8 g in 10° mi.; c, after washing. 
Time 500 msec. 

DISCUSSION 

Chronologically, the spontaneous tactile activity in dorsal skin, where smooth 

musculature is well known to exist, was my first observation. This motivated 

a series of experiments with preparations of reduced diameter (8 mm) which, 

once a spontaneous effect with adrenaline was obtained in them, were serially 

sectioned and searched for cutaneous smooth muscle. Skin pieces of the 
abdomen were used for this purpose, since smooth musculature is very rare 
in this region (Ecker & Wiedersheim, 1896). At least in three preparations 
which had given good spontaneous activity no smooth muscle was found. 
These histological controls, although eliminating one possibility, are not con- 
clusive, since movements of blood vessels as sources of tactile excitation cannot 
be entirely excluded even in a non-circulated preparation. The later results on 
receptor facilitation, considered in conjunction with the mentioned histological 
controls, were more decisive. The interaction of a mechanical adequate 
stimulus and adrenaline, as revealed by the changes in threshold and adaptation 
rate and, furthermore, the interaction between a direct current and adrenaline, 
point toward a direct effect of the hormone on the receptor. Of special signi- 
ficance in this regard are the results with subthreshold doses of adrenaline 
potentiated to threshold of firing of tactile fibres with subthreshold currents. 

It seems justifiable to infer that the facilitation and the spontaneous activity 

of tactile units caused by sympathetic stimulation or application of the 

hormone are true receptor phenomena. 
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Spontaneous activity and receptor facilitation have been treated as separate 
events throughout this paper only in order to render description easier. Con- 
cerning the underlying mechanisms, and in view of the following considerations, 
the spontaneous tactile activity and the receptor facilitation should be con- 


sidered as fundamentally the same phenomenon. The present experiments — 


demonstrate that the frequency of a receptor discharge may be modulated by 
sympathetic stimulation or by adrenaline. They do not, however, show how this 
increase is brought about, since the cutaneous tactile receptor of the frog is not 
suitable for recording of the generator potential. It seems that two mechanisms 
can account for the observed effects. Hither adrenaline is truly a depolarizing 
agent of tactile endings or it modifies the generator potential of the receptor. 
The first possibility implies that adrenaline by itself is excitatory and needs no 
further explanation; the second, that for the excitation of the receptor, i.e. the 
setting up of a generator potential, a mechanical or other stimulus is required. 
Increase in steepness of the rising phase of the receptor’s generator potential, 
such as is observed in the heart fibre with adrenaline (Hutter & Trautwein, 
personal communication) or an increase of its time constant of decay may 
account for the phenomenon of receptor facilitation, an extra tactile impulse 
fired during the slowing of adaptation being thus comparable to an extra 
systole of the heart caused by the same hormone. In the light of this hypothesis, 
the spontaneous activity in tactile units becomes a special case of receptor 
facilitation in which, instead of the adequate tactile stimulus applied to the 
external face of the skin, stretch is interacting with adrenaline. Stretch alone 
applied to the skin is able to excite tactile endings in a way similar to an 
adequate mechanical stimulus acting on the external surface of the skin. At 
low degrees of stretch fast-adapting discharges occur, but with stepwise in- 
creasing stretch, the tactile receptors become less and less adaptive until at 
high tension they behave like non-adaptive stretch receptors or as in a spon- 
taneous discharge with adrenaline, firing for a minute or so. It is conceivable, 
therefore, that, as with an adequate mechanical stimulus, a change in generator 
potential caused by adrenaline may facilitate the response to stretch, the latter 
acting as excitatory factor for the ending. The dependency found between the 
degree of skin stretch and the number of impulses discharged during spon- 
taneous tactile activity caused by adrenaline is consistent with this view. The 
occurrence of spontaneous tactile activity in apparently slack preparations 
does not necessarily contradict the hypothesis, since the experimental conditions 
of the present work did not permit work with preparations at zero tension (see 
Methods). 

Unless one is willing to put up with the idea of sympathetic tactile ‘ halluci- 
nations’ occurring under physiological conditions, the effect of spontaneous 
tactile activity appears teleologically disturbing. But in view of the above 
considerations, it cannot be said whether spontaneous firing of tactile fibres 
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caused by sympathetic activity appears at all under physiological conditions 
of cutaneous stretch and discussion of its physiological meaning is premature. 
The rate of adaptation in mechanoreceptors appears to be linked with the 
time constant of decay of the generator potential. With a continuously sus- 
tained mechanical stimulus the generator potential of the fast adapting stretch 
receptor in the crayfish’s dorsal musculature (Eyzaguirre & Kuffler, 1955) and 
in the Pacinian corpuscle (Alvarez-Buylla & de Arellano, 1953; Gray & Sato, 
1953) rapidly decays to subthreshold level, while the generator potentials of 
the slowly adapting frog’s muscle spindle (Katz, 1950) and of the crayfish’s 
slow adapting RM, stretch receptor (Eyzaguirre & Kuffler, 1955) are main- 
tained for a relatively long time. Assuming a similar behaviour for the tactile 
and stretch receptors respectively of the frog’s skin, the specificity of the 
sympathetic effect, exerting influence on the fast adapting tactile but not on 
the slowly adapting stretch receptor, fits into the picture of adrenaline pro- 
ducing changes in the generator potential, provided the hormone affects the 
time constants of rise or decay but not the size of the generator potential. 
It is not intended to pursue these speculations seriously until direct evidence 

is available to support them, but it is tempting to compare the actions of 
adrenaline on structures as diverse as the tactile ending and the motor end- 
plate. At the latter, adrenaline increases the end-plate potential without 
apparent change of its time course, suggesting a facilitation of the reaction 
between the end-plate receptor and acetylcholine rather than a direct action 
on the membrane permeability (Hutter & Loewenstein, 1955). If, similarly, 
the increase in magnitude is the only change in generator potential of the tactile 
ending induced by adrenaline, some kind of selective mechanism of the hormone 
on tactile receptors must be invoked in order to explain the different behaviour 
on the fast- and slow-adapting mechanoreceptors of the frog’s skin. 
The fact that under equal, experimental conditions adrenaline causes a 
greater number of tactile receptors of a given skin area to fire spontaneously 
than with sympathetic stimulation, suggests that the receptors of a given skin 
patch receive sympathetic innervation via various skin nerves. That fields of 
innervation of sympathetic fibres conveyed by some skin nerves overlap with 
fields of sensory fibres conveyed by other skin nerves, is revealed by the obser- 
vation that impulses conducted in sympathetic fibres of ramus cruris cutaneus 
medialis commonly aroused spontaneous activity in tactile fibres of a neigh- 
bouring skin nerve. In a few experiments, the sympathetic fibres were 
stimulated with electrodes placed on the sciatic nerve. This led to spontaneous 
tactile activity similar to that resulting from stimulation of the sympathetic 
chain. It would appear therefore that the ‘antidromic’ effect of Habgood 
(1950), attributed to antidromic stimulation of sensory fibres, can be ex- 
plained as resulting from orthodromic stimulation of sympathetic fibres in- 
cluded in the sciatic nerve. 
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It would appear that the receptor facilitation is part of a more general 
facilitatory function of the sympathetic system. The facilitation at the 
receptor level and at the neuromuscular junction places at least two stages of 
the reflex system under the modulatory influence of the sympathetic system. 
A sensitization to acetylcholine caused by adrenaline at the spinal synapse has 
also been reported (Biilbring & Burn, 1941). The possibility therefore exists 
that a further stage of the reflex system may be facilitated by the sympathetic 
system. The great sensitivity of the receptor to adrenaline and noradrenaline 
allows us to think of the sympathetic hormone released at the cutaneous 
sympathetic terminals, as well as that circulating in the blood stream, serving 
as a modulator of tactile receptor activity. Teleologically the sympathetic 
receptor facilitation, as part of a more general facilitatory action of the sym- 
pathetic system, is well in accord with Cannon’s (1928) picture of a role for 
readiness in alarm situations of the sympatho-adrenal system. 

The physiological principle involved in the present work namely, the inter- 
action of two axonic processes, is exceptional in vertebrates. In the inverte- 
brates (Bullock, 1952) axon to axon relations are common, and one speaks, in 
view of the fact that transmission of impulses normally occurs, of a synapse. 
Since between the sympathetic terminals and tactile endings true transmission 
of impulses is apparently non-existent, the denomination of synapse is not 
applicable. The term ‘modulapse’, defined as the interplay of two processes in 
which the function of one is modulated by the other, is here tentatively 
proposed. 

The results of the present work provide direct evidence for a facilitatory 
control of the sensory input, located at the receptor level. That modulation of 
activity occurs at higher levels of the central nervous system, i.e. in cell bodies, 
is established (Hagbarth & Kerr, 1954; Herndndez-Peén & Scherrer, 1955). 
But apparently the only case in which a direct neural effect upon receptor 
elements has heretofore been established is that of inhibition occurring in the 
dendritic processes of a crustacean stretch receptor nerve cell (Kuffler & 
_ Eyzaguirre, 1955). Although inhibition of dendrites may not be immediately 
comparable with modulation of axon terminals, the analogy with the present 
results underlines the probable similarity between dendrites and sensory axon 


endings. 


SUMMARY 


1. Stimulation of the sympathetic nerve supply to an isolated frog’s skin 
preparation causes lowering of threshold and slowing of adaptation in touch 
receptors. 

2. In well-stretched preparations the arrival of sympathetic volleys to the 
skin may cause spontaneous activity in tactile receptors in absence of all 
adequate mechanical stimulation. 
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3. The sympathetic effects on tactile endings are mediated by fibres of the 
‘faster’ groups of the sympathetic spectrum conducting at 0-4—6 m/sec at 
20-26° 

4, Sympathetic stimulation liberates an adrenaline-like substance in the 
skin able to reproduce the sympathetic effects on tactile receptors of another 
skin preparation. 

5. The facilitatory effects of sympathetic stimulation can be reproduced 
with adrenaline or noradrenaline. Application of the amines to the inner skin 
surface causes lowering of threshold, slowing of adaptation rate and, eventually, 
spontaneous firing in tactile receptors. 

6. The degree of tension of the skin is a favouring factor for the appearance 
and magnitude of the spontaneous tactile activity produced by sympathetic 
stimulation or addition of sympathetic hormones. 

7. Neither sympathetic stimulation nor application of adrenaline or nor- 
adrenaline produces detectable changes in the activity of the cutaneous stretch 
receptor. 

8. Subthreshold direct currents flowing from outside to inside through the 
skin cause decrease of threshold and adaptation rate in touch receptors. 

9. Interaction of a direct current and adrenaline at the tactile receptor is 
shown. It is found that subthreshold currents add up to threshold of tactile 
firing with a subthreshold dose of adrenaline and that the tactile response to 
suprathreshold currents is potentiated by subthreshold concentrations of 
adrenaline. 

10. Evidence for modulation of the sensory input at the receptor level is 
given, and its possible role in a more general facilitatory function of the 
sympathetic system is discussed. 

I take pleasure in thanking Professor T. H. Bullock for his generous hospitality, helpful discussion 
and criticism, and to Dr E. Segal for assistance in the histological preparations. The work was aided 
by grants from the Kellogg Foundation, the National Institute of Neurological Diseases and 


Blindness, National Institute of Health (B-21 to Professor T. H. Bullock) and the University of 
California, 
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SPONTANEOUS SUBTHRESHOLD ACTIVITY AT MAMMALIAN 
NEUROMUSCULAR JUNCTIONS 


By I. A. BOYD* anp A. R. MARTIN} 
From the Department of Biophysics, University College London 


(Received 16 September 1955) 


The presence of spontaneous miniature end-plate potentials in mammalian 
muscle has been briefly reported already (Boyd & Martin, 1955). These obser- 
vations, together with the results of more recent experiments, will be presented 
here in greater detail. The spontaneous potentials are similar to those observed 
in frog muscle (Fatt & Katz, 1952) but under various experimental conditions 
there are several differences in behaviour which are of interest. 
To suct Fresh Krebs's 
soln. 


Muscle 
Earth as 
Water 
inlet 


Fig. 1. Constant temperature bath. Warm water is circulated through the jacket, maintaining 
the temperature at 37°C. Oxygen bubbles circulate the Krebs’s solution as indicated by 
arrows, the baffle preventing the fluid surface from being disturbed. 


METHODS 
The usual techniques were employed for intracellul ding with capillary glass microelectrodes 
(Fatt & Katz, 1951). Electrodes of between 5 and 15 MQ resistance were used and special attention 
was paid to keeping the input time-constant of the recording circuit as small as possible. The time- 
constant with a 10 MQ electrode was of the order of 50 usec. 

The tenuissimus muscle of the cat, together with about 4 cm of its nerve (for details of the 
anatomy see Adrian, 1925), was removed from the anaesthetized animal and mounted in the 
constant temperature bath illustrated in Fig. 1. The chamber for the muscle and bathing fluid 
was constructed of Perspex and was surrounded by a jacket through which warm water was 
circulated from a thermostatically controlled reservoir. The temperature was normally kept at 
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37° C but could be reduced to 20° C by switching the circulating system to a second reservoir of 
cold water. The muscle was bathed in oxygenated Krebs’s solution (Krebs & Henseleit, 1932), to 
which was added 30 ml./l. of isotonic glucose solution (final composition: NaCl, 115 mm; KCI, 
4-60 mm; KH,PO,, 1:15 mm; NaHOO,, 24-1 mm; CaCl,, 2-46 mu; MgSO,, 1:15 mm; glucose, 
8-85 ma). Oxygenation was effected by bubbling a 95% 0,-5% CO, mixture into the bath using 
the ‘oxygen lift’ system illustrated in Fig. 1, which circulated freshly oxygenated fluid around 
the muscle. The bath held about 50 ml. of Krebs’s solution which was changed continuously at a 
rate of about 100 ml./hr by dripping in fresh fluid and sucking out the excess with a water filter 
pump, to maintain a constant level. 

Because of their rather low frequency it was difficult to photograph miniature potentials on 
single 15 msec sweeps. Instead, the photographs were taken on multiple sweeps, the camera 
shutter being held open until a spontaneous potential appeared on the screen of the monitor tube. 
This resulted in a rather thick baseline (e.g. Fig. 5). However, since the resting potential was 
generally falling very slowly it was possible to assume that the miniature potential took off 
from the top of the multiple sweep record, and measurements were always made on this assumption. 
Usually at least fifty miniature potentials were recorded in this way at each stage of an experiment. 
The amplitude and time course of each single potential shown are equal to the means of the series 
from which they were taken. 
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Fig. 2. Examples of spontaneous miniature end-plate potentials recorded 
intracellularly from the tenuissimus muscle. 


RESULTS 


It was possible to maintain the isolated tenuissimus muscle in good condition 
for as long as 12 hr with no significant decay of resting potentials nor develop- 
ment of neuromuscular block. Stable resting potentials ranged from 60 to 
90 mV with a mean of about 75 mV at 37° C. At 20° C the resting potentials 
were generally somewhat lower and tended to decay more rapidly after in- 
sertion of the microelectrode. 

When the microelectrode was inserted into a fibre at a motor end-plate 
small discharges could be seen appearing spontaneously on the oscilloscope 
screen (Fig. 2). These ‘miniature end-plate potentials’ were similar to those 
found in frog muscle (Fatt & Katz, 1952) and could not be observed in 2n 
end-plate free region of the fibre. The potentials were abolished by the addition 
of about 5 x 10-? (w/v) tubocurarine chloride to the bath, and smaller concen- 
trations reduced their amplitude. 
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Amplitude, time-course and frequency of the spontaneous potentials 
At 37° C the mean amplitude of the miniature potentials was of the order of 
0-5 mV, varying somewhat from fibre to fibre. The rise-time at this temperature 
was slightly less than 1 msec and the potentials declined to half their maximum 
amplitude in about 1-5 msec (Table 1). 


1. Amplitude, time-course and frequency of spontaneous potentials. Mean values -s.p. 
Numbers in parentheses indicate number of fibres from which values were obtained. Figures 
for frog muscle are taken from Fatt & Katz (1952) 


Cat Frog 
37°C 20°C 20° C 
Frequency 1-43 40-88 (72) 0-35 +-0-26 (39) 0-1-100 
Amplitude (mV) 0-5440-14 (54) 0-74 4-0-25 (17) 0-5 
Rise time (msec) 0-8 +0-2 (28) 20 +04 (16) 1-0-2-0 
Half-fall time (msec) 1-4 40-3 (28) 3-4 40-7 (16) 3-0-4-0 
50- 
40 - 
\ 
20- 
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Fig. 3. Distribution of time interval between discharges in a series of 143 miniature potentials 
recorded from one fibre. Observations were grouped in classes of 0-5 sec. Mean interval was 
1-6 sec. Curve is theoretical distribution for random events. 


The spontaneous potentials appear to occur at random intervals (Fig. 2). 
The distribution of intervals between discharges in one fibre at 37° C compared 
with the theoretical distribution for random events is shown in Fig. 3. If the 
intervals are grouped into classes of width At the theoretical number of intervals 
between ¢ and ¢+At is given by the equation 


n= NAt/t exp (-t/T7), 
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where N is the total number of observations and 7' the length of the mean 
interval (see Fatt & Katz, 1952, pp. 122-3). The experimental distribution 
agrees well with the theoretical curve. However, as pointed out by Fatt & 
Katz (1952), the random appearance indicates only that there is no noticeable 
interaction between the constituent units and does not prove that the units 
themselves discharge in a completely random manner. 
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Fig. 4. Variations in mean frequency of spontaneous potentials in four fibres over a period of 
about 5 hr. Note stability. Bars are placed at + standard deviation. 


The mean frequency of discharge ranged from 0-5 to 5/sec at 37° C with an 


average of about 1-5/sec (Fig. 6) and was found to remain remarkably stable © 


over long periods of time in any given fibre. This stability is illustrated in 
Fig. 4. Repeated frequency measurements were made in four fibres over a 
period of about 5 hr and no significant changes in frequency were observed 
except slowly progressive increases or decreases. 


Temperature effects 

At 20° C the mean amplitude of the miniature potentials was about 0-75 mV, 
50% greater than that at 37° C (Table 1), but in some fibres no change in 
amplitude was observed when the temperature was reduced. The time-course, 
however, was consistently lengthened, the rise and half-fall times being in- 
creased to the order of 2-0 and 3-5 msec respectively. These effects are illus- 
trated in Fig. 5, which shows miniature potentials from two typical fibres at 
both 20° and 37° C. 

Fig. 6 shows the distribution of mean frequencies observed in seventy-two 
fibres at 37° C (a) and thirty-nine fibres at 20°C (b). At 20°C the mean 
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A(2) B (2) 


A(3) B (3) 


c/s 


Fig. 5. Effect of temperature on amplitude and time-course in two fibres: (1) 37° C,'(2) 20° C, 
(3) returned to 37° C. In fibre A the amplitude was increased at the lower temperature while 
in fibre B it did not change; the time-course was increased in both cases. The records shown 
were chosen as typical of the series from which they were taken. 
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Fig. 6. Distribution of mean frequencies in seventy-two fibres at 37° C (a) and thirty-nine fibres 
at 20° © (b). Average frequency is about 1-5/sec at 37° and 0-35/sec at 20° C. 
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frequency is 0-35/sec. In eleven fibres, in which frequency measurements 
were made at both temperatures, the Q,, ranged from 1-5 to 3-1 with a mean 
of 2-1. 

The effects of temperature changes on amplitude, time-course and frequency 
are summarized in Table 1. Table 2 shows the effect of repeated reversals of 
temperature between 20° and 37° C in two typical fibres. Each set of values in 
this table represents one insertion of the microelectrode, and it will be seen 
that the effects of the temperature changes are consistently reproducible. 


Taste 2. Effect of repeated changes in temperature in two fibres. Mean values+s.p. Last 
three insertions in fibre B were possibly slightly off the end-plate, thus accounting for the 
slight increase in time-course 


Temperature Frequency Amplitude Rise time Half-fall time 
(°C) (sec) (mV) (msec) (msec) 
Fibre A 
20 0-17 4.0-04 1:104.0-28 2-0 2-8 
37 0-45 +.0-07 0-76 40-14 0-8 1-3 
20 0-16 +.0-03 1-204.0-23 2-1 3-3 
37 0-50 +0-07 0-55 + 0-09 0-9 1-6 
Fibre B 
37 0-68 + 0-08 0-38 + 0-05 0-7 1-5 
20 0-31 + 0-06 0-36 +0-04 1-9 2-5 
37 0-60 +.0-08 0-38 + 0-09 0-8 1-3 
20 0-36 + 0-05 0-33 + 0-07 2-3 4-2 
37 0-61 +0-10 0-37 +0-07 0-8 1-9 
20 0-26 + 0-05 0-354.0-11 2-5 4-5 
Effect of prostigmine 


The effect of prostigmine on the miniature potentials is illustrated in Fig. 7. 
In fibre A 10~-* (w/v) prostigmine caused a maintained increase in amplitude 
and time-course, the amplitude being approximately doubled. In fibre B 
10-* (w/v) prostigmine resulted in a greater increase in amplitude and time- 
course, but this was followed by a subsequent decline, the amplitude finally 
stabilizing at about 150% of its initial value. This decline in amplitude 
and time-course with high concentrations is probably due to the curarizing 
action which is known to be exhibited by prostigmine and other anticholin- 
esterases (Eccles & MacFarlane, 1949; Fatt, 1954). The optimum concentration 
for a maintained increase in amplitude and time-course varied considerably 
from fibre to fibre, ranging from 10~? (w/v) to 10-* (w/v). 

Prostigmine was also found to affect the frequency of the spontaneous 
discharges. A maintained increase in amplitude and time-course was generally 
accompanied by an increase in the mean frequency of discharge. When the 
increase in amplitude and time-course was not maintained a reduction in 
frequency usually occurred. The effects on amplitude, time-course and frequency 
are summarized in Table 3. The two fibres in this table are the same as those 
of Fig. 7, and were selected as being typical of fifteen experiments in which the 
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Fig. 7. Effect of prostigmine on two fibres. Fibre A: (1) normal miniature potential; (2) 60 min 
after adding 10~" (w/v) prostigmine; (3) 50 min later; (4) prostigmine washed out. Fibre B: 
(1) normal; (2) 20 min after adding 10~* (w/v) prostigmine; (3) 50 min later; (4) prostigmine 
washed out. In fibre A amplitude of miniature potentials 20 min after 
was the same as that shown in A(2). Note reduced amplification in B (2). 


TaB.e 3. Effects of prostigmine on two fibres. Mean values + s.p. Figures in parentheses indicate 
time after addition or removal of prostigmine. 10-’ (w/v) produces a maintained increase in 
amplitude, time-course and frequency in fibre A. In fibre B(10-*, w/v) the amplitude increase 
is only transient and there is a slight depression of frequency 


Half-fall 
Concentration Frequency Amplitude Rise time time 
(w/v) (sec™*) (mV) (msec) (msec) 
Fibre A 
— 1-240-1 0-65+0-11 0-6 0-9 
— 1540-2 0-66 + 0-12 0-6 1-0 
10-7 (60 min) 2-240-2 1-01+0-20 1-4 3-1 
10-7 (110 min) 2440-3 1:15+0-25 1-4 3-1 
0 (70 min) 1340-2 0-58 +0-14 0-7 1-2 
0 (135 min) 1540-2 0-70+40-14 0-8 1-1 
Fibre B 
13401 0-56+40-12 0-8 1-2 
(20 min) 0640-1 2-05 + 0-56 1-5 2-9 
10-* (70 min) 0-9-4.0-1 0-75 -+.0-18 1-2 1-9 
0 (15 min) 0-940-1 0-81+40-19 1-4 2-3 
0 (110 min) 0-8+0-2 0-55 +4+0-17 0-8 1-2 
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effects of prostigmine were determined. In some cases no frequency change 
was observed but this might be expected since the direction of change depends 
on concentration and there is presumably an intermediate level at which none 
would occur. The depression of frequency with high concentrations was 
generally found to be only partly reversible, the frequency remaining lower 
than its initial value, even after the muscle had been in prostigmine-free 
solution for some time. All other changes were reversible, although sometimes 
several hours washing was required to remove completely the effects of 


prostigmine. 


(6) 


ds 


Fig. 8. Effect of temperature on the action of prostigmine. One fibre: (a) 37° C, no prostigmine; 
(6) 37° C, 5x 10-" (w/v) prostigmine; (c) 20° C, no prostigmine; (d) 20°C, 5 x 10-" (w/v) 
prostigmine. 


In Fig. 8 the action of prostigmine at 37° C is compared with that at 20° C 
in the same fibre. The effect of prostigmine is much smaller at the lower 
temperature. Presumably the increased amplitude of the miniature potentials 
at 20° C is due to a reduction of cholinesterase activity and the prostigmine is 
correspondingly less effective. Eccles, Katz & Kuffler (1942) have reported 
a similar reduction with temperature of the action of eserine on the end-plate 
potential. It should also be noted that while the amplitude is increased more 
by 5x 10-7 (w/v) prostigmine than by the 17° C temperature reduction, the 
increase in time-course is less. 


Effect of caleiwm and magnesium 

In Table 4 the effect of magnesium on the frequency is shown. Measurements 
were made first in normal Krebs’s solution (1-15 mm-MgCl,) and then with 
11-5 mm-NaCl replaced by 8-22 mm-MgCl,. In some cases measurements were 
again made in normal solution. No change in frequency was observed when the 
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magnesium concentration was increased (Fig. 9, fibre C) except in fibres C 
and F (Table 4). The latter shows a decrease in frequency, but no subsequent 
measurement was made in normal solution; the frequency may therefore have 
been declining progressively (see Fig. 4). In fibre C a slight increase is shown 
but the frequency subsequently rose very rapidly, presumably due to damage. 
In two other experiments, in which the calcium concentration was lower than 
normal, altering the magnesium concentration had no significant effect on 
frequency. 


Taste 4. Effect of on frequency. Measurements were made in normal Krebs’s 
solution (1-15 mM-Mg) and in solution containing 9-37 mm-MgCl,. There is no significant 
effect on frequency 


Frequency (sec.~*) 

Fibre 1-15 mu-Mg 9-37 mm-Mg 
A 0-740-1 0-840-1 0-940-1 
B 1140-1 1-24+0-1 — 

Cc 3-2+0-1 3-8+0-1 
D 0-8+0-1 0-8+0-1 1040-1 
13401 1440-1 
F 13401 0-84.01 


In high magnesium solution (9-37 mM) the mean amplitude of the potentials 
was reduced to 60-65%, of its initial value. A similar amplitude depression was 
reported by Castillo & Katz (1954) in frog muscle, and is probably due to a 
reduction in sensitivity of the end-plate to acetylcholine (Castillo & Engbaek, 
1954). 

In contrast to magnesium, calcium had a marked effect on the frequency of 
the spontaneous potentials (Fig. 9, fibres A and B). Table 5 shows the effect of 
reducing the calcium concentration to one-quarter of its normal value and of 
increasing it to four times normal. Where possible measurements were made in 
normal solution both before and after altering the calcium concentration, as 
indicated in the table. The frequency showed an increase with high calcium in 
all cases, except perhaps in fibre B, where there was a steady increase in 
frequency throughout the experiment. In fibres E-H no records were 
obtained with high calcium owing to a fault in the recording apparatus, but 
the frequencies showed a marked visible increase on addition of the calcium. 
There was a corresponding decrease in frequency in lowering the calcium 
concentration, except in fibre H where the change, if any, was masked by a 
steady increase in frequency throughout the experiment. 

Reducing the calcium concentration had no significant effect on the ampli- 
tude of the miniature potentials, but with four times the normal concentration 
a 15-30% amplitude reduction was observed, slightly greater than that 
reported by Fatt & Katz (1952) in frog muscle. 
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A (2) 


A (3) 
B (1) 
B (2) 


B (3) 


C(1) 


C (2) 


C (3) 


magnesium. 


Taste 5. Effect of calcium on frequency. Measurements were made in each fibre in the order 
indicated in the table (proceeding from left to right). The ( +) signs indicate a marked visible 
increase in frequency, no measurements being obtained at this stage because of a fault in the 
recording apparatus. Frequency increases with calcium concentration 


Frequency (seo™*) 
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1 sec’ 

Fig. 9. Effect of calcium and magnesium on frequency. Fibre A: (1) normal Krebs’s solution 
(calcium 2-46 mm); (2) high calcium (10-1 mm); (3) muscle returned to normal Krebs’s 
solution. Fibre B: (1) normal calcium; (2) low calcium (0-64 mm); (3) normal calcium. 
Fibre C: (1) normal magnesium (1-15 mm); (2) high magnesium (9-37 mm); (3) normal 


2-46 mm-Ca 0-64 mM 2-46 mm 10-1 mu 2-46 mM 
(normal) 
4140-2 71403 3-2+0-2 
— 14401 3-2+0-2 3-140-2 
3-0+0-2 13-0+0-4 1-5+0-1 
— 1-4+0-1 6-0+0-3 
0-8+0-1 0-3+0-1 0940-1 (+) 
0-9+0-1 0-4+0-1 0740-1 (+) 
1040-1 0-6+0-1 2-0+0-1 (+) 
0-8+0-1 0-9+0-2 1440-1 (+) 
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Other circumstances affecting the recurrence frequency 

Osmotic pressure and stretch. Changing the osmotic pressure of the bathing 
solution had a marked effect on the recurrence frequency. For example, in 
one fibre doubling the tonicity by the addition of sucrose resulted in a 35-fold 
increase in frequency (Fig. 10); halving the tonicity by the addition of distilled 
water to the bath reduced the frequency to about one-fifteenth of its normal 
value. Both changes were reversible. Increasing the length of the muscle by 
10% reversibly increased the discharge rate by a factor of about 2. These 
effects are similar to those in frog muscle (Fatt & Katz, 1952). 


iisec , 
T 
ImV 


1 sec 


Fig. 10, Effect of tonicity on recurrence frequency. (a) Normal Krebs’s solution; (b) tonicity 
doubled by the addition of sucrose to the bath; (c) return to normal tonicity. Note expanded 
time scale in (5). : 

Lack of oxygen. In one experiment the oxygen supply was accidentally cut 
off. This resulted in a rapid decline in resting potentials and an increase in the 
frequency of the spontaneous potentials. With the restoration of the oxygen 
supply both resting potentials and recurrence frequencies eventually returned 
to near normal. In one fibre, for example, the resting potential fell from 77 to 
28 mV and the frequency increased from 1-5 to 10-2/sec. Some time after the 
oxygen supply was restored, the resting potential returned to 68 mV and the 
frequency to 0-7/sec. 

DISCUSSION 
Spontaneous miniature end-plate potentials were first reported by Fatt & 
Katz (1952) in frog muscle. Their presence in the tenuissimus muscle of the 
cat indicates that in this respect mammalian and frog muscle are similar, 
although their myoneural junctions are quite different in histological ap- 


pearance (Couteaux, 1945). When measured at 20° C the potentials are similar 
in amplitude and time-course in the two types of muscle, but the time-course 


is considerably shorter in the tenuissimus at its normal temperature (Table 1). 
The most marked difference is in the frequency of the spontaneous discharges. 


Not only is the mean frequency much lower in the tenuissimus than in the 
frog toe muscle, but also the variation from fibre to fibre is restricted to a 
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much narrower range (cf. Fig. 6 and frequency range quoted for frog muscle 
in Table 1). In addition, the mean frequency in any given fibre is remarkably 
stable compared to that in frog muscle. Consequently, variations in frequency 
under various experimental conditions are more readily detected and measur- 
able with greater accuracy. The Q,, of 2 for the effect of temperature on 
frequency is lower than in the frog (Q,)* 3), but this is to be expected since 
the measurements were made over a higher temperature range (20—37° C 
compared with 8-25° C). 

The effect of prostigmine on amplitude and time-course is similar to that 

in the frog, but its ‘curarizing’ action appears to be much more pronounced. 
For this reason the concentration required for a maximum effect is more 
critical. Whereas 10~* (w/v) prostigmine produces a general increase in ampli- 
tude and time-course in frog muscle, the curarizing action is dominant in most 
of the mammalian fibres at this level. A concentration of 3 x 10-? (w/v) pro- 
duces nearly maximum increases in most fibres of the tenuissimus, but is 
generally less than the optimum concentration for some and greater than 
optimum for others. 
_ The fact that the increase in amplitude was often not maintained might be 
attributed to inactivation of the prostigmine at 37° C and not to its curarizing 
action. This was unlikely since fresh prostigmine was being introduced into 
the bath continuously as the fluid was changed, and increasing the rate of 
supply of fresh solution did not alter the effects of the prostigmine. Further- 
more, when the prostigmine was removed the spontaneous potentials again 
showed a slight increase in amplitude and time-course before returning to 
normal (e.g. Table 3, fibre B). 

The changes in recurrence frequency with prostigmine indicate that this 
drug has some effect on the nerve terminals in mammalian muscle. It might be 
suggested that the increase in frequency could be due to the reduced cholin- 
esterase activity in the junctional region, and not to a pre-synaptic effect. 
That is, packets of acetylcholine which were previously completely hydrolysed 
could, in the presence of prostigmine, arrive at the motor end-plate relatively 
intact. However, this would not account for the decrease in frequency which 
accompanies high concentrations of prostigmine. In most experiments in 
which this occurred the mean amplitude of the spontaneous potentials, al- 
though somewhat less than the maximum obtainable with prostigmine, was 
still greater than in prostigmine-free solution. 

The absence of any change in frequency with magnesium concentration 
agrees with the results obtained with frog muscle by Castillo & Katz (1954). 
However, the action of calcium is different in the two species. Whereas in thie 
tenuissimus the frequency increases with calcium concentration, Fatt & Katz 
(1952), using frog’s toe muscle, found no consistent change. Castillo (1955, 
_ personal communication) has found that strontium and barium both cause an 
increase in the frequency of the spontaneous potentials in the frog, the effect 
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of the latter being most marked. This suggests that all the group II elements 
(the ‘alkaline earths’) might tend to produce an increase in frequency, the 
effect being negligible at the low end of the periodic table (magnesium) and 
increasing with the series number. The difference between the two species 
would then be simply one of degree, the increase becoming apparent earlier 
in the series with mammalian muscle than with frog muscle. 


SUMMARY 


1. Spontaneously occurring miniature end-plate potentials have been 
observed in the tenuissimus muscle of the cat, using an intracellular micro- 
electrode. 

2. These potentials are similar in amplitude to those found in frog muscle, 
but their frequency is usually lower and more stable. Their time-course at 
37°C is much shorter than that in the frog at 20°C. 

3. Lowering the temperature of the preparation results in an increase in 
the time-course and generally in the amplitude of the spontaneous potentials. 
These changes are accompanied by a decrease in frequency. 

4. Prostigmine, in concentrations of 1—5 x 10-’ (w/v), usually causes an 
increase in amplitude, time-course and frequency. With higher concentrations 
the increase in amplitude and time-course is only transient and the frequency 
is reduced. 

5. The frequency of the spontaneous potentials is independent of magnesium 
concentration but increases with calcium concentration. 
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THE END-PLATE POTENTIAL IN MAMMALIAN MUSCLE 


By I. A. BOYD* anp A. R. MARTINY 
From the Department of Biophysics, University College London 


(Received 16 September 1955) 


Investigations of the nature of the mammalian end-plate potential (e.p.p.) 
have been carried out previously by recording from whole muscles, or bundles 
of muscle fibres, with external electrodes (Eccles & O’Connor, 1939, 1941; 
Eccles, Katz & Kuffler, 1941, 1942). However, only a few experiments have 
been reported in which e.p.p.’s have been recorded intracellularly from single 
mammalian muscle fibres (e.g. Lundberg & Quilisch, 1953a, b). In the experi- 
ments to be reported here, the intracellular recording technique has been 
employed in a more complete investigation of transmission in mammalian 
skeletal muscle (cat). Many of the experiments were similar to those 
carried out on frog muscle by Fatt & Katz (1951) and Castillo & Katz (1954a, 
b), and were designed to determine whether the processes involved in neuro- 
muscular transmission are identical in the two cases. Spontaneous miniature 
end-plate potentials have already been described in mammalian muscle (Boyd 


& Martin, 1956), and a preliminary account of the quantal composition of the - 


mammalian e.p.p. was given previously (Boyd & Martin, 1955). 


METHODS 


The techniques used for intracellular recording from isolated mammalian muscle have been 
described in detail in a previous paper (Boyd & Martin, 1956). The tenuissimus muscle of the cat 
was used in all experiments and was mounted in oxygenated Krebs’s solution in a constant 
temperature bath. The temperature was normally kept at 37° C, but could be reduced rapidly to 
room temperature if required. It was possible to maintain the muscle in good condition for as 
long as 12 hr after dissection, with no significant decay of resting potentials nor impairment of 
neuromuscular transmission. 

Special care was taken to keep the input time-constant of the recording apparatus as low as 
possible, since the time course of the mammalian e.p.p. at 37° C is considerably shorter than that 
of the frog. The time-constant with a 10 MQ microelectrode was of the order of 50yusec. This 
results in only a slight overestimate of the rise and half-fall times of the e.p.p., and no correction 


* W. Gardiner Research Scholar of the University of Glasgow. Present address: Institute of 
Physiology, University of Glasgow. 
+ Present address: Montreal Neurological Institute, Montreal, Canada. 
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has been made in presenting the results. Approximately 0-1 msec should be subtracted from the 
given values to allow for distortion in the recording system. 

Stable resting potentials ranged from 60 to 90 mV with a mean of about 75 mV. In the experi- 
ments in which two electrodes were employed, the insertion of the second electrode usually 
resulted in a fall in resting potential of about 5 mV followed by a gradual decline. As a result, the 
than in other experiments (e.g. 

a 


1000 c/s | 


Fig. 1. Three successive end-plate responses recorded intracellularly from each of three fibres at 
critical level of block, showing action potentials rising from peak of e.p.p.’s. A: 1-5 x 10-*(w/v) 
tubocurarine chloride, 37° C. B: 5 x 10-* (w/v) tubocurarine chloride; 10-* (w/v) prostigmine, 
37° C. C: magnesium and calcium increased to 28-1 and 10-1 mm respectively, 21° C. Thres- 
holds are approximately 10 mV (A), 14 mV (B) and 18 mV (C). 


RESULTS 
The end-plate potential in the curarized muscle 


Neuromuscular transmission was blocked in the tenuissimus muscle by the 
addition of 1 to 5x 10-* (w/v) tubocurarine chloride to the bathing solution. 
The concentration required to reduce the e.p.p. to just below threshold for 
the initiation of a propagated action potential varied considerably from fibre 
to fibre, and when twitch responses had ceased in the whole muscle the e.p.p. 
amplitude was as low as 0-5 mV in some fibres and as high as 14 mV in others. 

Threshold. The responses to three consecutive nerve stimuli in each of three 
fibres are shown in Fig. 1. The records were taken from fibres in which the 
level of block was just critical, and an occasional action potential appeared 
in a series of e.p.p.’s. The thresholds may be estimated either from the point 
of inflexion where the action potential takes off from the e.p.p. or from the 
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amplitude of the largest e.p.p. which fails to produce a spike. In fibres A and 
B block was produced by tubocurarine, prostigmine (10~’, w/v) being present 
in addition in fibre B. The records were taken at 37° C, and the thresholds 
were about 10 and 14 mV respectively. In two other experiments thresholds 
under similar conditions were 9 and 13 mV. Resting potentials ranged from 
60 te'70 mV. In fibre OC, the threshold was somewhat higher (18 mV), but the 
calcium concentration of the bathing solution (10-1 mm) was considerably 
greater than that of normal Krebs’s solution (2-46 mm); the records were taken 
at 21° C, and transmission was blocked with magnesium. 


Tas ez 1. Thresholds for the initiation of propagated action potentials in fibres of the tenuissimus 
muscle, determined by passing depolarizing current pulses through the membrane with a 
second microelectrode. Mean threshold is given for each group of fibres with range in brackets 


Mean 
resting 
Temp. Threshold No. of __ potential 

Muscle (° Oy Bathing solution (mV) fibres (mV) 
1 37 Normal Krebs’s 19-6 (15-24) 2 66 
3 x normal Ca 24-2 (21-30) 5 64 
Il 37 Normal Krebs’s 13-0 (10-18) 4 58 
20 Normal Krebs’s 13-2 (10-18) 5 56 


In several experiments a second microelectrode was inserted into the fibre 
and a depolarizing current pulse passed through the membrane. The strength 
of the current was gradually increased during successive pulses until a ‘local 
response’, and finally an action potential, appeared. The point of inflexion 
where the action potential took off from the electrotonic potential was taken as 
the threshold. The results are shown in Table 1. In muscle I the mean thres- 
hold was raised from 19-6 to 24-2 mV by increasing the calcium concentration 
of the Krebs’s solution to three times its normal value. In muscle IT threshold 
measurements were made at both 37° and 20° C in normal Krebs’s solution. 
There was no significant difference between the thresholds at the two tempera- 
tures. Resting potentials in muscle II were somewhat lower than usual due 
to difficulty in inserting the second microelectrode (see Methods). 

Spatial distribution of the e.p.p. The e.p.p.’s shown in Fig. 2 were recorded 
from the same fibre at various distances from the end-plate focus. As the 
microelectrode is moved away from the end-plate the amplitude of the re- 
corded e.p.p. decreases and its time course is slowed. The amplitude, rise time 
and half-fall time of the e.p.p. are plotted in Fig. 3 against the distance of the 
microelectrode from the end-plate focus. The e.p.p. is attenuated very rapidly 
as it spreads along the fibre, its amplitude falling to 20% of its maximum 
value in about 0-8 mm. 

Fig. 4 shows the time course of the displacement of charge from the end- 
plate membrane during the e.p.p. The curve was calculated from the records 
of Fig. 2, using the methods described by Fatt & Katz (1951, p. 331). The 
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charge rises rapidly to a maximum and after about 1 msec decays exponentially. 
In the three fibres in which this analysis was carried out the time constants 
of the decay were 1-6, 1-9 and 2-2 msec. Assuming that the transmitter action 
has ceased when the exponential decay begins, these values represent the 
time constant of the membrane. The method described by Fatt & Katz (1951) 
for the determination of the space constant, and hence of the membrane 
resistance and capacitance, is not applicable here since it depends on the 


(a) 


[2mv 
1000 c/s 


Fig. 2. Spatial decay of e.p.p. Records were taken at (a) 0 mm, (6) 0-1 mm, (c) 0-3 mm, (d) 0-6 mm 
and (e) 0-9 mm from the end-plate focus. 5 x 10~* (w/v) tubocurarine chloride, 7-54 mm-Ca. 


assumption that the duration of the transmitter action is short compared 
with the time constant of the membrane. Direct measurement of the membrane 
constants by the method of ‘square pulse analysis’ will be discussed in a sub- 
sequent paper. Preliminary estimates indicate that the membrane resistance 
is of the order of 1000-1500 Qcm? and the membrane capacitance 2-4.F/cm?. 
Most of the fibres of the tenuissimus were found to be between 30 and 50y in 
diameter. The ordinates of Fig. 4 were calculated on the assumption that the 
membrane capacitance was 3.F/cm? and the fibre diameter 40. 

It will be seen from Fig. 4 that at the height of the e.p.p. the net charge 
displaced from the membrane was about 1:5x10-" coulombs. This is 
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E.p.p. amplitude (mV) 
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Fig. 3. Amplitude, rise time and half fall-time of e.p.p.’s recorded at various distances from the 


end-plate focus. Abscissae: distance of microelectrode from the end-plate focus. Ordinates: 
amplitude, rise time and half-fall time of recorded e.p.p.’s. 5 x 10-* (w/v) tubocurarine 
chloride; 7-54 mm-Ca. 


— 
=) 


Coulombs 


Fig. 4. Net charge displaced from the fibre membrane during the e.p.p. shown in Fig. 2. Charge 
rises rapidly to a maximum and after 1 msec decays exponentially with a time constant of 
1-6 msec. Ordinate: charge in coulombs, calculated by the method of Fatt & Katz (1951, 
fig. 10), assuming a membrane capacitance of 3uF/cm* and a fibre diameter of 40y; loga- 
rithmic scale. Abscissa: time in msec, 
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equivalent to a net transport of about 1-5 x 10-1 moles of univalent ions. It will 
be shown that in the absence of curarine the e.p.p. rises to at least 35-40 mV, 
so that this figure would be increased about 10 times in the normal muscle, 
i.e. to 1-2 x 10- moles or about 5% of that estimated for frog muscle. 

Time course. In Table 2 the amplitude, rise time and half-fall time are given 
for e.p.p.’s recorded from ten fibres in which the end-plate foci were accurately 
located by a number of insertions of the microelectrode. The mean rise time 
was 0-6 msec and the amplitude decayed to half its maximum value in about 
0-7 msec. The distance over which the e.p.p. decayed to 20% of its maximum 
amplitude is also given and has a mean value of 0-8 mm. 


TasLe 2. Amplitude, time course and spatial decrement of e.p.p.’s recorded from two muscles 
blocked with tubocurarine chloride. Values for amplitude, rise time and half-fall time are 
taken from records obtained at the end-plate foci. ‘20% distance’ is the distance along the 
fibre at which the amplitude of the recorded e.p.p. was reduced to 20% of that at the end- 
plate focus 

Amplitude Rise time Half-fall time 20% distance 


Fibre (mV) (msec) (msec) (mm) 
Muscle I. 2 x 10-* (w/v) tubocurarine chloride 
A 2-8 0-5 0-6 0-7 
B 4:8 0-6 0-5 0-5 
Cc 10-4 0-7 10 — 
D 2-4 0-4 0-9 
Muscle II. 5 x 10-* (w/v) tubocurarine chloride 
A 47 0-6 0-6 0-8 
B 3-8 0-5 0-6 0-9 
Cc 5-1 0-6 0-6 — 
D 2-0 0-5 0-5 
E 2-5 0-6 0-5 1-0 
F 8-0 0-9 1-2 0-9 
Mean os 0-6 0-7 0-8 


Effect of temperature changes on the e.p.p. Table 3A shows the effect of 
lowering the temperature of the preparation from 37 to 22° C on the amplitude 
and time-course of the e.p.p. in the curarized muscle. On the average, the 
amplitude was reduced to about 60%, and the rise and half-fall times increased 
to 200 and 260%, respectively, of their values at 37° C. These effects, which 
are illustrated in Fig. 5.A, agree with the results obtained by Eccles e¢ al. (1941) 
with frog muscle. On the other hand, the amplitude of the spontaneous 
potentials in the tenuissimus generally increased when the temperature was 
lowered (Boyd & Martin, 1956). It will be shown subsequently that the de- 
crease in e.p.p. amplitude observed here does not occur in the non-curarized 
preparation (Fig. 5B). 

Effects of prostigmine. The effects of prostigmine on the amplitude and time- 
course of the e.p.p. are shown in Table 3B and illustrated in Fig. 6. When 
prostigmine (10-?, w/v) was added to the bathing solution the amplitude in- 
creased, on the average, to more than twice that in prostigmine-free solution. 
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The mean rise time was approximately doubled and the half-fall time increased 
by a factor of three. These results agree qualitatively with those previously 
obtained with prostigmine and other anticholinesterases (e.g. Eccles et al. 
1942; Eccles & Macfarlane, 1949; Fatt & Katz, 1951). Quantitatively, the 


Tasxz 3. Effects of change of temperature and of prostigmine on e.p.p. amplitude and time course 
in the curarized muscle. Mean+s.p. No. of experiments in brackets 


Temperature Prostigmine Final value as percentage of initial value 
Initial Final Initial Final Amplitude * Rise time $-falltime 
(°C) CC) (w/v) (%) (%) (%) 
A 37 22 — —- 624.10 (7) 200 + 20 (7) 260+ 40 (7) 
B 37 37 — 10-7 220+ 30 (5) 200 + 40 (5) 290 + 30 (5) 
Cc 37 22 10-* 10-7 46 +10 (5) 180+ 10 (5) 130 + 20 (5) 


B (2) B (3) 


Fig. 5. Effect of temperature on e.p.p. amplitude. Fibre A: transmission blocked with 2-5 x 10~* 
(w/v) tubocurarine chloride; (1) 37° C, (2) 22° C, (3) returned to 37° C. Fibre B: transmission 
blocked by increasing Mg concentration to 28-1 ma; 10-1 ma-Ca; (1) 37° C, (2) 22° ©, (3) 37° C. 
Note opposite effects on amplitude in the two types of block. 


increases in amplitude and time-course were of the same order of magnitude 
as those observed for the spontaneous potentials (Boyd & Martin, 1956). 

Reducing the temperature to 22° C in the presence of prostigmine caused an 
average reduction in amplitude to about 45% of the value at 37° C (Table 3(). 
This reduction is about 15% greater than in prostigmine-free solution, indica- 
ting that there is a reduction in the action of prostigmine at the lower tempera- 
ture. A similar reduction with temperature of the effect of prostigmine on the 
spontaneous potentials has already been described (Boyd & Martin, 1956). 
Furthermore, the effect of change of temperature on the time-course is |ess 
when prostigmine is present (Table 3c). 
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A(1) A (2) A(3) 


B(1) B(2) B(3) 


Fig. 6. Effect of prostigmine on ¢.p.p. amplitude and time-course in two fibres (A and B). 2-5 x 10-* 
(w/v) tubocurarine chloride. 1: 37°C, no prostigmine; 2: 37° C, 10-’ (w/v) prostigmine; 
3: 22° C, 10-7 (w/v) prostigmine. 


The quantal composition of the mammalian end-plate potential 

When the magnesium concentration in the bathing solution (normally 
1-15 mM) was increased to about 10 mM, neuromuscular transmission was 
blocked in nearly all fibres of the tenuissimus muscle. When twitch responses 
had ceased in all but a few fibres of the muscle, e.p.p.’s recorded from surface 
fibres were usually less than 3 mV in amplitude, although occasionally larger 
responses could be found. These larger e.p.p.’s were similar to those in the 
curarized muscle, but the responses in one fibre to successive nerve stimuli 
showed a greater fluctuation in amplitude (cf. Fig. 7A, B). As the level of 
magnesium block was increased the fluctuations became more marked and 
occasionally there was no response to a nerve stimulus, even though it was 
well above the nerve threshold. Fig. 7D, for example, shows responses to 
three successive nerve stimuli at a magnesium-blocked junction. The second © 
response is approximately twice the amplitude of the first, and there is no 
response at all to the third stimulus. Fluctuations of this kind were not 
observed in fibres in which the e.p.p. had been reduced to about the same mean 
amplitude by curarization (Fig. 7C). It is unlikely that the failures of response 
which occurred when transmission was blocked by magnesium were due to 
impairment of conduction in the nerve trunk, since the magnesium concentra- 
tion was only about 3% of that required to block the action potential in 
mammalian motor nerves (see Meltzer & Auer, 1906; Engbaek, 1952). More- 


over, addition of calcium relieves the failure of response at the neuromuscular 
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junction, although it further raises the threshold of nerve excitation; in one 
experiment, e.p.p.’s of more than 10 mV amplitude, with no failures of response, 
were recorded in modified Krebs’s solution containing 28 mm magnesium and 
10 mm calcium. 


Fig. 7. Comparison of blocking actions of magnesium and curarine. A: three successive end-plate 
responses recorded from a fibre in which transmission was blocked by 3 x 10~-* (w/v) tubocura- 
rine chloride. B: similar level of block with magnesium (28-1 mm-Mg, 10:1 mm-Ca); note 
greater fluctuation in amplitude of successive responses. C and D: similar comparison in 
two other fibres at higher level of block; 2 x 10-* (w/v) tubocurarine chloride (C); 12-8 ma- 
Mg, 2-46 mm-Ca (D).. Fluctuation in e.p.p. amplitude in fibre D is more pronounced and 
includes one failure of response, while there is no marked amplitude fluctuation in fibre C. 


Fig. 8 shows the distribution of amplitudes of 200 e.p.p.’s recorded from a 
single fibre in which neuromuscular transmission was blocked with magnesium. 
The e.p.p. amplitudes range from 0-3 to 3-0 mV and peaks occur in the distribu- 
tion at 0-4, 0-8, 1-2, and 1-6 mV, i.e. at 1, 2, 3 and 4 times the mean amplitude 
of the spontaneous potentials. In addition there are eighteen failures of 
response. Although the peaks in the distribution indicate that the e.p.p. is 
built up of units which are of the same size as the spontaneous potentials, a 
more precise analysis is possible. This analysis is based on the statistical theory 
proposed by Castillo & Katz (19545) for transmission at single myoneural 
junctions in frog muscle. 

Suppose that the myoneural junction in each muscle fibre contains a large 
population of excitable units, each unit capable of responding to a nerve 
stimulus by producing a unit potential, or ‘quantum’, similar to a spontane- 
ous potential. Suppose, further, that during magnesium block the probability 
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of such a response from any given unit is small. Then the number of quanta 
which make up the e.p.p. should fluctuate in a manner described by Poisson’s 
law (for a complete discussion see Castillo & Katz, 1954, p. 563). The mean 
quantum content, m, may be obtained by dividing the mean amplitude of 
a series of e.p.p.’s recorded from the fibre by the mean amplitude of the 
spontaneous potentials. 


20- or 
18- 0+ 


0 Of 02 03 04 05 06 07 08 09 
Pe Amplitude of spontaneous 
5 potentials (mV) 


2 
it IV Vv Vv Vil 
0 02 04 06 08 10 12 14 16 18 20 22 24 26 28 3 


Amplitude of end-plate potentials (mV) 


Fig. 8. Histograms of e.p.p. and spontaneous potential amplitude distributions in a fibre in which 
neuromuscular transmission was blocked by increasing the magnesium concentration of the 
Krebs’s solution to 12-5mm. Peaks in e.p.p. amplitude distribution occur at 1, 2, 3 and 4 times 
the mean amplitude of the spontaneous miniature potentials. Gaussian curve is fitted to spon- 
taneous potential distribution and used to calculate theoretical distribution of e.p.p. amplitude 
(continuous curve). Arrows indicate expected number of failures of response to nerve stimuli. 


Once m is known the theoretical distribution of the e.p.p. amplitudes can be 
calculated from the mean (v) and variance (o”) of the spontaneous potential 
amplitude distribution (Fig. 8, inset). This process is illustrated in Fig. 9. The 
expected number of e.p.p.’s (m) in each quantal group is calculated from the 
Poisson equation. A Gaussian curve is then drawn for the first group about 
a mean amplitude v and with a variance o?. The second group is distributed 
similarly about a mean 2v and with a variance 2c”, and so on for the remaining 
groups. The individual curves, when added together, give the theoretical 
distribution shown by the continuous curve in Fig. 8. This curve agrees well 
with the experimental distribution. Furthermore, the predicted number of 
responses falling into group ‘O’ (failures) is very close to the ——- 
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value. This is of particular interest since once the applicability of Poisson’s law 
is established the number of failures of response to nerve stimuli (%) may be 
used to estimate the mean quantum content without making any additional 
measurements (from the Poisson equation m)= N exp (—m), i.e. m=log, N/m). 
fatures 
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Fig. 9. Method of obtaining theoretical distribution of e.p.p. amplitudes illustrated in Fig. 8. 
Number of e.p.p.’s (m) in each group is calculated from the Poisson equation n= WN exp. 
(-—m) m*/z!, where N is the total number of observations, z is the group number and m the 
mean quantum content, obtained by dividing the mean e.p.p. amplitude by the mean 
amplitude of the spontaneous potentials. Gaussian curves are then drawn for each group 
about a mean amplitude zv and with a variance xa*, where v and a are the mean and variance 
of the spontaneous potential amplitude distribution. The individual curves when added 
together give the curve shown in the previous figure. 


In Table 4 estimates of the mean quantum content (m) obtained from the 
number of failures are compared with estimates obtained by dividing the 
mean e.p.p. amplitude by the mean amplitude of the spontaneous potentials. 
The excellent agreement between the values of m obtained by the two different 
methods is illustrated in Fig. 10 and provides further support for the statistical 
theory. The straight line indicates equality between the two sets of values of 
m. When the proportion of failures is small the value of log, N/n, is naturally 
less accurate; this probably accounts for the deviation of the points from the 
line at larger values of m. 

In the experiments in which the peaks of the e.p.p. amplitude distribution 
were well defined the size of one quantum could be obtained from the first 
peak. These values are shown in Table4 and agree well with the mean amplitude 
of the spontaneous potentials in each case. 
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It will be seen from Fig. 8 that the peaks of the experimental distribution 
are more pronounced than those of the theoretical curve. This was the case in 
almost all experiments, and is probably due to a consistent overestimate of the 
scatter of the spontaneous potential amplitudes. A slight overestimate of this 
kind is likely to arise because the spontaneous potentials were recorded on 
slowly moving film, the base-line thickness being exaggerated by relatively 


Tasie 4. Comparison of the two methods of determining the mean quantum content of the 
e.p.p. (m). In the penultimate column m is determined by dividing the mean amplitude of 
the e.p.p. by the mean amplitude of the spontaneous potentials (V/v). In last column m is 
determined from the number of failures of response to nerve stimuli, i.e. from the equation 
m =log, [number of nerve impulses/number of failures]. The two methods agree very closely. 
Note also agreement between the amplitude of the spontaneous potentials and the amplitude 
at which the first peak occurs in the e.p.p. amplitude distribution. 


Mean 
ean spontaneous 
tial No.of No. of m 
(mV), (mV), Ist impulses, failures, — A 
Expt. V v (m N No Vie log N/ny 
1 1-21 0-36 0-40 200 8 3-36 3-22 
2 1-59 0-55 0-54 97 4 2-89 3-19 
3 1-32 0-50 0-52 197 13 2-64 2-72 
4 0-93 0-40 0-40 199 18 2-33 2-40 
5 0-41 0-22 — 99 14 1-86 1-95 
6 0-36 0-24 0-25 83 19 1-50 1-48 
7 0-30 0-26 — 97 33 1-15 1-08 
8 0-52 0-50 0-51 136 46 1-04 1-08 
9 0-63 1-08 - 1-06 54 30 0-58 0-59 
10 0-47 1-24 1-20 60 44 0-38 0-31 
3 
L 
0 1 2 3 


m (V/v) 

Fig. 10. Comparison of the two methods of determining the mean quantum content of the e.p.p. 
in the ten experiments of Table 4. Ordinate: log, [pumber of nerve stimuli/number of failures 
of response}. Abscissa: [mean e.p.p. amplitude/mean amplitude of spontaneous potentials]. 
Straight line signifies agreement between the two methods, 
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slow noise fluctuations. If the variance of the spontaneous potentials used 
to calculate the theoretical curve in Fig. 8 had been taken as slightly less than 
that observed, the peaks and dips in the curve would have been accentuated, 
leading to an even closer agreement with the experimental distribution. 


Tasie 5. Effect of calcium on mean quantum content (m). m was calculated in the first two 
columns from the relation m=log, [number of impulses/number of failures] and in the last 
column by dividing the mean amplitude of the e.p.p. by the mean amplitude of the spon- 
taneous potentials. Krebs’s solution with high (3-85 mM) Mg 


A. 


Fibre 0-24 mu-Ca 0-49 mm-Ca 0-98 mm-Ca 
A 1-0 1-4 ik 
B 0-7 Ll 3-9 
Cc 0-3 1-0 4-0 
D 0-4 13 3-0 


Effect of calcium on the e.p.p. quantum content. Calcium is known to have 
the opposite effect to magnesium on the e.p.p. quantum content in frog muscle 
(Fatt & Katz, 1952; see also Castillo & Stark, 1952). This is true also for 
the tenuissimus muscle. There are, however, quantitative differences. Whereas 
reducing the calcium concentration to one-quarter of that normal in Ringer’s 
solution often reduces the quantum content of the frog e.p.p. to a few units, 
the majority of fibres in the tenuissimus continue to twitch in response to 
nerve stimuli in calcium-free Krebs’s solution. This cannot be explained entirely 
by a reduction in threshold due to removal of the calcium, for in one case 
e.p.p.’8 of almost 20 mV in amplitude were recorded from a fibre in calcium- 
free solution when twitch responses occurred in most of the other fibres. 

Table 5 shows the effect of calcium on quantum content in four fibres. 
Neuromuscular transmission was blocked by reducing the calcium concentra- 
tion to 0-24 mm and increasing the magnesium to 3-85 mm. The calcium con- 
centration was then increased to 0-49 mm and finally to 0-98 mm, the mean 
quantum content of the e.p.p. being obtained at each stage. In this concentra- 
tion range, doubling the calcium resulted in approximately a threefold increase 
in quantum content in most cases. . 

Effect of temperature on quantum content. In one experiment sufficient mag- 
nesium was added to the bathing solution to reduce the mean quantum 
content at 37° C to between 0-1 and 0-5 unit, calculated from the number of 
failures of response to nerve stimuli (3-85 mm-Mg; 0-64 mm-Ca). Reducing the 
temperature to 21°C increased the mean quantum content by a factor of 
3-0 (s.D. + 0-6; 5 fibres). This contrasted sharply with the decrease in e.p.p. 
amplitude at the lower temperature observed in the curarized muscle (Fig. 5 A). 
Since the amplitude of the spontaneous potentials increases slightly when the 
temperature is lowered (Boyd & Martin, 1956), a large increase in e.p.p. amp- 
litude might be expected if the mean quantum content also increases. To 
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determine whether the effect varied with the degree of block produced, a 
second experiment was carried out at a less severe level of magnesium block 
(Ca 10-1 mm to raise fibre threshold; Mg 28-1 mm). The mean quantum content 
in two fibres at 37° C was about 15 units, calculated by dividing the mean e.p.p. 
amplitude by the mean amplitude of the spontaneous potentials, and correcting 
for non-linear summation of the unit potentials (see Martin, 1955). Reducing 
the temperature to 21° C increased the quantum content by a factor of 2-9 in 
one fibre and 1-9 in the other, an effect of the same order of magnitude as was 
obtained in the first experiment. The effect of temperature in the magnesium- 
blocked muscle is illustrated in Fig. 5B. The increase in e.p.p. amplitude is 
largely due to the increase in quantum content since the amplitude of the 
spontaneous potentials only increased by about 25% (from 0-4 to 0-5 mV). 


The end-plate potential in normal muscle 

No direct estimate of the e.p.p. amplitude in normal Krebs’s solution could 
be obtained since the action potential had no pronounced end-plate ‘step’. 
This was possibly due to distortion in the recording system (see Methods). 
However, during the course of two experiments measurements were made 
which provide a rough estimate of the height to which the e.p.p. would rise in 
the absence of an action potential. 

Quantum content in normal Krebs’s solution. If the number of quanta in the 
e.p.p. fluctuates about a mean value m in a manner described by Poisson’s 
law, then the coefficient of variation of the amplitude distribution should be 
equal to m-°* (see Castillo & Katz, 19546; Martin, 1955). Consequently, 
assuming a Poisson distribution, an estimate of m may be obtained from the 
relation m=1/[coefficient of variation]*. Approximately 200 e.p.p.’s were 
recorded from each of two fibres in a curarized muscle and the mean quantum 
contents estimated in this way. In the first fibre the mean e.p.p. amplitude 
was 4-0 mV and the coefficient of variation of the amplitude distribution 0-057. 
Assuming a Poisson distribution this corresponds to a mean quantum content 
of 310 units. If the mean amplitude of the miniature potentials were 0-5 mV 
this would be equivalent to an e.p.p. in the uncurarized muscle of about 44 mV 
(allowance has to be made for the fact that the units do not sum linearly, 
i.e. the contribution of each unit becomes less and less as the total depolariza- 
tion increases; see Martin, 1955). In the second fibre the mean amplitude of 
the e.p.p. was 2-0 mV and the coefficient of variation 0-067. Using the same 
assumptions, the mean quantum content was estimated to be 220 units and 
the e.p.p. amplitude in the uncurarized muscle approximately 42 mV. The 
resting potentials of the two fibres were stable at 62 and 68 mV respectively. 
It is assumed here that the effect of the curarine is entirely post-synaptic 
(Dale, Feldberg & Vogt, 1936), i.e. that it reduces the size of the unit potentials 
without altering the quantum content of the e.p.p. (Martin, 1955). 
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E.p.p. amplitude in hyperpolarized fibres. During the other experiment neuro- 
muscular transmission was blocked in each of several fibres by inserting a 
second microelectrode, and passing a hyperpolarizing current pulse through 
the membrane before stimulating the nerve. An e.p.p. then appeared on the 
electrotonic potential and from its amplitude the height of the response at the 
normal resting potential was estimated. Since the rest of the muscle twitched 
at each nerve stimulus, this procedure proved costly in microelectrodes, and 
was only carried out in a few fibres. 


Fig. 11. Examples of e.p.p. superimposed on electrotonic potential produced by a hyperpolarizing 
current pulse. Initial line is resting potential level. Normal Krebs’s solution. Muscle twitch 
caused electrode to come out of fibres at end of records. Dip in trace following e.p.p. in A is 
movement artifact. Time course of e.p.p. in B is slightly longer than in A, indicating that 
the microelectrode may have been slightly off the end-plate focus. Voltage scale, 20 mV. 
Time scale 10 msec. 


Fig. 11 shows two records obtained in this way. In the first the resting 
potential was 65 mV and a hyperpolarizing pulse of 47 mV was applied to the 
membrane. The e.p.p. amplitude was 63 mV or 56 % of the membrane potential. 
In the second record the resting potential was 54 mV, the hyperpolarizing 
pulse 32 mV and the e.p.p. 44 mV, or 51% of the total membrane potential. 

In three other fibres with resting potentials of 54, 70 and 60 mV, the hyper- 
polarization was insufficient to prevent the initiation of an action potential. 
In one of these, however, there was a pronounced action potential step indi- 
cating that the e.p.p. would have been about 50% of the total membrane 
potential. Taking a value of 15 mV depolarization for the threshold in the 
other two fibres, the e.p.p. in these cases must have reached at least 50 and 
55 % respectively of the total membrane potential, since an action potential 
was initiated. 
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It appears, therefore, that the e.p.p. in normal muscle rises to an amplitude 
of between 50 and 60% of the total membrane potential. This is equivalent 
to an e.p.p. of 35-40 mV in a fibre whose resting potential is about 70 mV, a 
value which agrees fairly well with that estimated from the mean quantum 
content of the e.p.p. 

DISCUSSION 

Comparison of the results presented here with those previously obtained in 
experiments on frog muscle indicates that the processes involved in neuro- 
muscular transmission are qualitatively the same in the two species. Quanti- 
tatively, the e.p.p. in the curarized cat muscle (at 37° C) has a much shorter 
time course and is attenuated much more rapidly as it spreads along the fibre. 
The rise time (0-6 msec) and the half-fall time (0-7 msec) are about one-half 
and one-third, respectively, of the corresponding values for the frog e.p.p. 
(Fatt & Katz, 1951; 20° C). The difference in spatial decay is even more marked : 
whereas in the mammalian muscle the e.p.p. is reduced to about 10% of its 
maximum amplitude at a distance of 1 mm from the end-plate focus, the 
amplitude of the frog e.p.p. is still 35° of its maximum value at this distance 
and is not reduced to 10% until the e.p.p. has spread 2-5-3-0 mm along the 
fibre. The time course of the e.p.p. is slightly shorter than that reported for 
the spontaneous potentials (Boyd & Martin, 1956). The difference is probably 
due to less accurate localization of the end-plate focus when the miniature 
potentials were recorded. 

The estimated normal e.p.p. amplitude of 35-40 mV is somewhat smaller 
than in frog sartorius (40-60 mV, see Fatt & Katz, 1951, fig. 28, p. 357), but 
because of the low threshold in the cat tenuissimus muscle (10-20 mV) the 
safety factor is higher. This accounts for the absence of a pronounced end-plate 
‘step’ in the normal mammalian action potential. Although the threshold 
depolarization is considerably lower in the mammalian muscle than in frog 
sartorius (Fatt & Katz, 1951), the threshold membrane potential is about the 
same (40-50 mV). 

There is no doubt that the mammalian e.p.p. is built up of unit potentials 
which are identical in size and shape with the spontaneous potentials, and 
that the statistical theory proposed by Castillo & Katz (19545) for trans- 
mission at the frog myoneural junction applies here as well. It cannot be 
concluded, however, that the mode of action by which acetylcholine is released 
spontaneously is the same as that by which it is released in response to a nerve 
stimulus. Such complete identity of the two mechanisms has already been 
rejected by Castillo & Katz (1954a) on the grounds that magnesium, although 
affecting the e.p.p. quantum content, had no effect on the frequency of the 
spontaneous potentials. This observation has been confirmed in the tenuissimus 
muscle. In general, no consistent relation between miniature potential 
frequency and e.p.p. quantum content could be found under a variety or 
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other experimental conditions. Calcium has a similar effect on both, but there 
is no corresponding frequency effect in the frog (Fatt & Katz, 1952). The effect 
of stretch (which increases the frequency of the spontaneous potentials) has 
not been investigated here, but is known to increase the e.p.p. quantum content 
in frog muscle (O. F. Hutter, personal communication; see also Ralston & 
Libet, 1953). On the other hand, lowering the temperature of the preparation 
causes an increase in quantum content and a decrease in spontaneous potential 
frequency. A more systematic investigation of agents which affect both 
phenomena might help to establish some relation between them, but at the 
moment no such relation is obvious. 

It might be suggested that the unit potentials represent responses from 
single terminal axon branches, and that block by magnesium or lack of calcium 
signifies failure of propagation of the nerve action potential into these branches, 
the impulse being stopped at individual bifurcation points. This idea of ‘bi- 
furcation block’ has been discussed fully by Castillo & Katz (1954a). One of 
the strongest arguments against it is the antagonistic action of calcium and 
magnesium on neuromuscular transmission. It is well known that an excess 
of both ions reduces excitability and ultimately blocks conduction in nerve 
fibres (see Engbaek, 1952), and it seems unlikely that calcium should have the 
reverse effect at points of dichotomy in the terminal branches. 

In view of the fact that both the e.p.p. quantum content and the amplitude 
of the spontaneous potentials in the magnesium-blocked muscle increase when 
the temperature of the preparation is reduced, the amplitude of the e.p.p. in 
the curarized muscle might be expected to show a corresponding increase. The 
observed reduction in amplitude with temperature must be attributed to a 
post-synaptic effect involving the curarine. Presumably at the lower tem- 
perature the acetylcholine released from the nerve endings is less effective in 
competing with the curarine at the end-plate receptors. 


SUMMARY 


1. The end-plate potential (e.p.p.) in the isolated tenuissimus muscle of the 
cat has been studied, using the intracellular recording technique. 

2. In the curarized muscle the e.p.p. has a much shorter time course than in 
frog muscle and is attenuated much more rapidly as it spreads along the 
muscle fibre. | 

3. Analysis of the fluctuations in amplitude of e.p.p.’s recorded from single 
myoneural junctions blocked with magnesium indicates that the e.p.p. is 
built up statistically of units which are identical in size and shape with the 
spontaneous miniature potentials. 

4, The number of units making up the e.p.p. (the ‘quantum content’) 
decreases when the magnesium concentration in the bathing solution is raised. 
Raising the calcium concentration causes an increase in quantum content. 
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5. Lowering the temperature of the preparation causes an increase in the 
amplitude and duration of the e.p.p. in the magnesium-blocked muscle. The 
amplitude increase is largely due to an increase in quantum content. In the 
curarized preparation, however, the e.p.p. amplitude decreases when the tem- 
perature is lowered, indicating an intensification of the effect of curarine. 

6. It is estimated that in the absence of an action potential the e.p.p. in the 
normal muscle would reach an amplitude of at least 35-40 mV. The threshold 
for initiation of a propagated action potential is usually between 10 and 20 mV. 

7. The relation between e.p.p. quantum content and frequency of the 
spontaneous miniature potentials is discussed. 


We are indebted to Professor B. Katz for constant encouragement and advice, and to Mr J. L. 
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the Nuffield Foundation. 
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AN ISOLATED RABBIT HYPOGASTRIC-NERVE-UTERUS 
PREPARATION, WITH OBSERVATIONS ON THE 
HYPOGASTRIC TRANSMITTER 


By V. VARAGIC 
From the Department of Pharmacology, University of Oxford 
(Received 28 September 1955) 


There has been a good deal of controversy about the distribution of autonomic 
fibres in the hypogastric nerves ever since Rohrig (1879), Langley & Anderson 
(1896) and Cushny (1906) noted that atropine, injected intravenously into the 
cat or rabbit, had no effect on the uterus response to hypogastric nerve 
stimulation. 

The hypogastric nerves are probably adrenergic, but they may contain 
cholinergic fibres as well. Using cocaine as a means of detecting adrenergic 
fibres, Labate (1941) indeed concluded that the hypogastric nerves in the 
rabbit consisted predominantly of cholinergic elements, because he observed 
no augmentation of uterine response to hypogastric stimulation after cocaine. 
Similar conclusions were drawn by Reynolds & Foster (1941). 

Recently, the problem was reinvestigated by Schofield (1952) who also 
found that the responses of the rabbit uterus to hypogastric stimulation and 
to adrenaline and noradrenaline injections were unaffected by cocaine. How- 
ever, since the effect of hypogastric stimulation could be imitated by adrena- 
line and noradrenaline and abolished by dibenamine and dihydroergotamine, 
she concluded that the fibres in the hypogastric nerves were adrenergic. It 
may be noted that, in the cat, Mann & West (1951) found that the stimulation 
of the hypogastric nerves resulted in the appearance of noradrenaline and 
adrenaline in the uterine blood plasma. All the above mentioned experiments 
were done on the whole animal. Observations have now been made on an 
isolated hypogastric-nerve-uterus preparation. 


METHODS 


Adult female rabbits, about 2 kg weight, were killed by a blow on the neck and then bled out. The 
abdomen was opened in the mid-line and the hypogastric nerves were identified. In the majority 
of experiments a thread was tied round both hypogastric nerves 5~7 mm below the bifurcation of 
the abdominal aorta. The bladder was then taken out to make further dissection easier. The 
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uterus was excised, together with a piece of colon, to prevent injury to the hypogastric nerves. 
The piece of colon was very carefully removed later on, outside the body. 

The uterus was suspended in the bath in the usual way, one thread being tied through the 
cervix and the other round one horn: the other horn was allowed to hang free. Krebs’s solution at 
31° C was used and oxygenated with a gas mixture containing 95% O, and 5% CO,. For moistening 
the tissue during the operation the following solution was used: NaCl 8-4 g, KCl 0-45 g, CaCl, 20%, 
w/v solution, 1-4 ml., distilled water to 1000 ml. The electrodes were of platinum in a Perspex 
holder and were essentially the same as those described by Biilbring (1946) for the isolated phrenic- 
nerve-diaphragm preparation. For stimulation an electronic square-wave stimulator was used. 
The frequency of stimulation was 10/sec to obtain submaximal effects, the duration of pulses 
was 0-8 msec. The strength of current varied from preparation to preparation, the lowest being 
150pA, the strongest being as high as 3 mA. The duration of stimulation was 5 sec. 


RESULTS 


Hypogastric stimulation. The stirnulation of the hypogastric nerves always 
caused a contraction of the uterus after a short latent period. This effect was 
observed in all twenty-seven preparations. In some preparations, when the 
contraction reached its peak, relaxation was quick and complete; but often, 
especially when the preparation was first set up, relaxation was slow and 
prolonged and was followed by increased spontaneous activity lasting 2-5 min. 
The optimal frequency of pulses at which the maximum effect could be 
evoked was about 50/sec. 

Cocaine. In eight out of ten experiments cocaine in a concentration of 
5 x 10-* g/ml., was found to potentiate the effect of hypogastric stimulation. 
A typical response is shown in Fig. 1. On the left, in A, four normal responses 
of the uterus to hypogastric stimulation are shown. At C, 0-3 mg cocaine 
hydrochloride was put into the bath, making the concentration 5 x 10-* g/ml. 
This concentration of cocaine usually did not produce any effect by itself; but 
in the preparation in Fig. 1 it caused two small contractions. Three minutes 
later the stimulation of the hypogastric nerves caused an increased and pro- 
longed effect, followed by Vigorous spontaneous activity, as shown in the 
figure. Between A and B the bath was washed out, but the increased responses 
persisted for some time thereafter, and came back to the original height 20 min 
after washing, as shown in B. This time varied from 15 to 40 min. Cocaine in 
the same concentration caused a potentiation of the response to noradrenaline 
as well. The concentration of noradrenaline varied from 3-3 x 10-* to 3 x 10-7 g/ 
ml. In a concentration of 10-* g/ml. cocaine usually decreased and sometimes 
abolished the effect of stimulating the hypogastric nerves. 

Atropine and eserine. It has long been known that atropine injected in- 
travenously has no effect on the uterine response to hypogastric stimulation 
(Cushny, 1906). Schofield (1952) found that the response was not potentiated 
by previous eserinization of the animal, nor was it abolished by a moderate 
dose of atropine. After a large dose of atropine (up to 50 mg), which caused 
a fall in arterial blood pressure, the response to hypogastric stimulation was 
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reduced immediately after the injection but increased again as the effect on 
the blood pressure disappeared. In the present experiments atropine always 
caused a decrease of the uterine response to hypogastric stimulation. The 
concentrations of atropine which were necessary to produce this effect ranged 
from 5 x 10-8 to 3-3 x 10-* g/ml. 


Fig. 1. The action of cocaine on the isolated rabbit uterus. A, at white dots, stimulation of 
hypogastric nerves for 5 sec at 10/sec, 0-8 msec duration and 1 mA strength of constant 
current. At C, 0-3 mg of cocaine hydrochloride was added to the bath of 60 ml. B, the effect 
of stimulation 20 min after the bath was washed out. Time: 30 sec. 


The effect of eserine on hypogastric stimulation was very variable. In 
twelve out of fourteen experiments, weak concentrations (5 x 10-* to 5 x 10~’ g/ 
ml.) caused no change, whereas strong concentrations (10-* to 4 x 10-*g/ml.) 
caused a reduction in the uterine response to hypogastric stimulation. Only 
in two out of fourteen preparations was a potentiation of the effect of hypo- 
gastric stimulation observed. One of these two experiments is shown in Fig. 2. 
At E 3 yg eserine was put into the bath, making a concentration of 5 x 10-* g/ 
ml. Five minutes later the effect of hypogastric stimulation was moderately 
potentiated. Between A and B, 3 wg atropine was added to the bath, without 
washing out the eserine. Atropine not only abolished the potentiating effect 
of eserine but also caused a further reduction in the uterine response, as shown 
in B, The effect of atropine persisted for some time after washing out, and 
disappeared completely after 20 min, as shown in C. 

Tolazoline. Ahlquist, Huggins & Woodbury (1947) found that tolazoline 
blocked the stimulant action of adrenaline on the isolated rabbit uterus when 
used in concentrations from 2 x 10-5 to 5 x 10-* g/ml., whereas lower conce.- 


trati 
latec 
effec 
Fig. 


HYPOGASTRIC-UTERUS PREPARATION 95 


trations merely diminished the stimulant effect. In experiments on the iso- 
lated uterus a concentration of tolazoline as low as 3-3 x 10-? g/ml. caused a 
potentiation of the uterine response to hypogastric stimulation. A typical 
effect is shown in Fig. 3. On the left, in A, the normal responses of the uterus 
to hypogastric stimulation are shown. At T 20g of tolazoline was added to 


Fig. 2. The effect of eserine and atropine on the isolated rabbit uterus. A, at white dots, stimula- 
tion of hypogastric nerves for 5 sec at 10/sec frequency, 0-8 msec duration and 400A strength 
of constant current. At 2, 3ug eserine was put into the bath. Between A and B, 3g atropine 
was added to the bath. B, the effect of stimulation in the presence of atropine. C, the effect 
of stimulation 20 min after the bath was washed out. Time: 30 sec. This effect of eserine was 
obtained in two only out of fourteen experiments. 
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Fig. 3. The action of tolazoline on the isolated rabbit uterus. A, at white dots, stimulation of 
hypogastric nerves for 5 sec at 10/sec frequency, 0-8 msec duration and 3 mA strength of 
constant current. At 7', 20ug of tolazoline was put into the bath. B, the effect of stimulation 
5 min after the bath was washed out. Time: 30 sec. 
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the bath, making the concentration 3-3 x 10~’ g/ml. Two minutes later stimu- 
lation of the hypogastric nerves caused an increased and prolonged effect, as 
shown. In some preparations the increased contractions in the presence of 
tolazoline were followed by a period of increased spontaneous activity lasting 
from 3 to 10 min. Between A and B the bath was washed out. The effect of 
tolazoline usually disappeared in 5-15 min. In some preparations, the initial 
potentiation was followed by depression after washing out the drug. In a 
higher concentration of 10-* g/ml., tolazoline abolished the effect of hypo- 
gastric stimulation and also the effects of adrenaline and noradrenaline. These 
effects were clearly seen only if tolazoline itself did not cause a contraction. 
This concentration very often caused a strong and long-lasting contraction 
which persisted for some time after the drug was washed out. 


Fig. 4. The action of hexamethonium on the iolmted rabbit uterus. A, at white dots, stimulation 
of the hypogastric nerves for 5 sec at 10/see frequency, 0-8 msec duration and 2 mA strength 
of constant current. At H, 3 mg of hexamethonium was put into the bath of 60 ml. B, the 
effect of stimulation 30 min after the bath was washed out. Time: 30 sec. 


Hexamethonium. Schofield (1952) found that, after full nicotinization of the 
animal, the uterus still responded to hypogastric stimulation, although the 
response was diminished. This reduction, however, was not ascribed to the 
ganglionic blocking action of nicotine, because pentamethonium when injected 
in a dose of 18 mg/kg. did not affect the response of the uterus to hypogastric 
stimulation. In the present experiments hexamethonium (C,) was found to 
reduce the uterine response to hypogastric stimulation in all seven preparations, 
but complete abolition was never observed. The concentration which was 
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necessary to produce this effect varied widely from 5 x 10-* to 3 x 10 g/ml. 
A typical response is shown in Fig. 4. On the left, in A, the normal responses 
of the uterus to hypogastric stimulation are shown. At H 3 mg of (, was put 
into the bath, making a concentration of 5 x 10- g/ml. Two minutes later the 
uterine responses were reduced. The effect of C, disappeared 30 min after 
washing out as shown in B. In some experiments the effect of ©, lasted for 
2-3 hr and the uterine response never returned completely to its original height. 

Marsilid (isopropylisoniazide) is a substance which was shown by Zeller 
& Barsky (1952) to inhibit the enzyme amine oxidase but to be without effect 
on cholinesterase. In the present experiments marsilid in concentrations from 
8:3 x 10-* to 10-* g/ml. did not modify the effect of hypogastric stimulation, 
but in a concentration of 1-66 x 10-* g/ml. it caused a decrease in the uterine 
response to hypogastric stimulation. 


DISCUSSION 


A preparation of the rabbit uterus which responds in vitro to stimulation of 
the hypogastric nerves has been made and found to work in Krebs’s solution 
for periods of 6 hr or more. The motor effect of hypogastric stimulation was 
found to be potentiated in this preparation by cocaine, which was surprising 
in view of the failure of previous workers to observe such a potentiation im 
vivo (Labate, 1941; Schofield, 1952). Cocaine was also found to potentiate the 
action of noradrenaline on the rabbit uterus. When cocaine was added in a 
concentration of 10-5 g/ml. or higher, the effect of hypogastric stimulation 
was greatly reduced or abolished. 

The potentiation by cocaine was in favour of the view that the hypogastric 
nerve fibres were at least in part adrenergic, and in support of this it was 
found that the maximum response of the uterus was evoked by stimulating 
the hypogastric nerves at a frequency of about 50/sec. This was also found by 
Schofield, and it coincided approximately with the findings of Garry & Gil- 
lespie (1955) concerning the striking difference in the range of frequencies for 
sympathetic and parasympathetic stimulation of the rabbit colon. They 
observed that the frequency for maximal sympathetic stimulation was 100/sec, 
whereas the maximum response to parasympathetic stimulation was evoked 
by using a frequency of 10/sec. 

Tolazoline is a substance which has an action in the body similar to that of 
ergotamine, reducing the effects of adrenaline. Thus tolazoline abolishes the 
pressor action of adrenaline in the spinal cat, and reverses the constrictor 
action of adrenaline in the perfused vessels of the rabbit ear. In the present 
experiments tolazoline acted somewhat like cocaine, increasing the effect 
of hypogastric stimulation in lower concentrations and abolishing it in 
higher concentrations. The increase of the effect was surprising, but in certain 
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increased even by ergotoxine; Chang (1939) observed such increases in the 


perfused vessels of the rabbit ear. Thus the action of tolazoline also supports 


the view that the hypogastric fibres are in part and indeed mainly 
adrenergic. 

It is difficult to exclude the presence of cholinergic fibres in the hypogastric 
nerves. It is true that the responses of the uterus to hypogastric stimulation 
in vivo were not potentiated by previous eserinization of the animal, nor were 
they abolished by moderate doses of atropine. Nor did eserine potentiate 
hypogastric stimulation in the majority of the present in vitro experiments, 
but in two out of fourteen it did so. Atropine, moreover, caused a reduction 
of the uterine response to hypogastric stimulation, although in a wide range 
of concentrations. Garry & Gillespie (1955) found that rather high concentra- 
tions were sometimes necessary to abolish the effects of cholinergic fibres in 
the isolated nerve-colon preparation. If cholinergic fibres are present in hypo- 
gastric nerves, their percentage must be small and variable from animal to 
animal. 

The results obtained with C, suggest at first sight that some fibres in hypo- 
gastric nerves are preganglionic, but this conclusion seems far from certain. 
The amounts of C, necessary to reduce the effect of stimulation were always 
high, sometimes, indeed, as high as 0-3 mg/ml. Very often the reduction in the 
effect caused by C, persisted long after the C, was removed from the bath. 
In view of the evidence that the sympathetic fibres are postganglionic fibres 
arising from cells in the inferior mesenteric ganglion, it would seem wise to 
keep in mind the possibility that C, in high concentrations has effects which 
are not confined to ganglia. 

The amine oxidase inhibitor marsilid did not modify the effect of hypo- 
gastric stimulation, and this indicates that the amine oxidase present in the 
uterus plays no part in determining the size of the response. Burn, Philpot & 
Trendelenburg (1954) similarly found that the action of adrenaline and of 
noradrenaline on the blood pressure and the nictitating membrane of the 
spinal cat was not modified by marsilid. These results suggest that the effect 
of cocaine also in causing potentiation is not due to inhibition of amine oxidase, 
and that it is to be explained by some other mechanism, as Blaschko (1954) 
has suggested. 

SUMMARY 

1. An isolated preparation has been described consisting of the rabbit 
uterus with the hypogastric nerves attached. Response to nerve stimulation 
could be obtained for several hours. 

2. When a preparation was first set up the responses were prolonged, but 
after it had been in the bath for some time they were brief. 

3. The responses were potentiated by cocaine in low concentrations; and 
were depressed by it in higher concentrations. Since the action of noradrena- 
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line was similarly affected by cocaine it would seem that the fibres in the hypo- 
gastric are at least in part adrenergic. 

4. While atropine even in low concentrations depressed the response to 
hypogastric stimulation, eserine potentiated it only in two out of fourteen 
experiments. This suggests that the percentage of cholinergic fibres is small, 
and varies considerably in different animals. 

5. Other observations were that tolazoline (Priscol) acted like cocaine, 
potentiating in low concentrations, and depressing in higher concentrations. 
Marsilid, which inhibits amine oxidase, was without effect. Hexamethonium 


~ reduced the response to hypogastric stimulation, but only in high concentration. 
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THE PACEMAKING AREA OF THE DUODENUM 


By G. W. MILTON anp A. W. M. SMITH 


From the Departments of Surgery and Therapeutics, 
University of Edinburgh 


(Received 4 October 1955) 


Alvarez (1914) showed that the frequency of the rhythmical contractions of 
the small bowel of the rabbit was greatest in the duodenum, and decreased 
throughout the small intestine to the terminal ileum. Alvarez & Starkweather 
(1919) attributed this decline in frequency to the existence of a metabolic 
gradient, since the metabolic rate was found to be greater at the upper end 
of the small intestine than at the lower. On the other hand, Keith (1915) 
considered that the frequency of the contractions was controlled by a series of 
pacemakers similar in function, if not in structure, to the sino-auricular and 
auriculo-ventricular nodes in the heart. He suggested that there were three 
pacemakers in the small intestine, the first just above the entrance of 
the bile duct, the second at the level of the ligament of Treitz, and the third at 
the ileo-caecal valve. Alvarez & Starkweather (1919) stated that they had not 
found any evidence to support Keith’s views. Douglas (1949) demonstrated 
that the frequency of jejunal contractions (50 cm from the pylorus) decreased 
if the jejunum above this was sectioned, clamped or infiltrated with 
procaine. Alvarez (1949) thought that Douglas’s findings might be accounted 
for by a disturbance of the metabolic gradient. 

We have described the electrical activity which can be recorded from the 
duodenum of the dog in vivo (Milton, Smith & Armstrong, 1955). It consists of at 
least two parts: a slow repetitive electrical rhythm and a series of rapid spike 
defiexions. Our conclusion that the rapid spike deflexions originate from the 
duodenum muscle coats agrees with the findings and the conclusions of Berk- 
son, Baldes & Alvarez (1932), Berkson (1933), Puestow (1933), Bozler (1946) 
and Ambache (1947). The origin of the slow repetitive electropotential wave 
has been the subject of debate. Berkson (1933) and Ambache (1947) suggested 
that it originated in a nerve net in the gut wall. Bozler (1946) believes that the 
slow wave is myogenic in origin. We concluded that the slow repetitive e!ec- 
tropotential wave may arise in a mechanism which supplies a rhythmic and 
co-ordinated stimulus to the muscle of the duodenal wall, and so governs the 
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frequency and linear velocity of duodenal contraction (Milton et al. 1955). Our 
finding that the frequency of the slow wave is greater in the duodenum and 
jejunum than in the terminal ileum appears to support this suggestion 
(Armstrong, Milton & Smith, 1956). The magnitude of the duodenal contrac- 
tions is probably determined by the muscle response to the stimulus. 

The purpose of the present paper is to describe a series of experiments 
which show that the frequency of the slow repetitive electropotential wave, 
and of the rhythmical contractions, of the duodenum and upper jejunum of 
the dog is governed by a mechanism situated in the duodenal wall close to the 
entrance of the bile duct. 


Fig. 1. Diagram to show the relationship of the exteriorized loop of duodenum and of the electrodes 
used in these experiments. The numerals indicate the sites at which the gut was divided, 
clamped, heated or cooled, or infiltrated with procaine; for details see text. CBD, common bile 
duct. 


METHODS 


Thirty-one adult healthy mongrel bitches weighing 12-20 kg were used. In ail experiments, unless 
otherwise stated, the animals were anaesthetized with an intravenous injection of sodium thio- 
pentone (26 mg/kg), and a medium plane of anaesthesia was maintained with endotracheal ether 
(corneal reflex just abolished). 

Electrical studies. A loop of duodenum below the entrance of the bile and pancreatic ducts was 
exteriorized through the ventral abdominal wall and covered with a tube of skin (Biebl, 1930; 
Douglas, 1949). The blood and nerve supplies to the loop remained more or less intact. The 
electrodes consisted of pairs of stainless steel hypodermic needles (size 16). The needles were 
passed through the skin of the loop to lie about 2 mm apart on the peritoneal surface of the bowel 
at right angles to its axis. In all experiments simultaneous electrical records were obtained from 
the upper and lower ends of the loop, the two pairs of electrodes being 6-10 cm apart (Fig. 1). 
The electrical recording apparatus was the same as before (Milton et al. 1955). 

K ymographic studies. Three animals were used in which the exteriorized loop of duodenum had 
been divided and the ends re-united, Kymograph records of the contractions of the loop were 
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obtained from the conscious animal immediately after it had been fed. Two tambours were 
strapped to the loop, one above and the other below the site of the anastomosis. The tambours, 
which had a diameter of 2 cm, were approximately 4 cm apart. Each tambour was connected to 
a second tambour on which was mounted a lever which magnified and recorded the contractions 


on a kymograph (Douglas & Mann, 1939). 


RESULTS 


Effect of anaesthesia. The effect of anaesthesia on the frequency of the slow 
electropotential wave was investigated in two animals. The induction of 
anaesthesia produced no obvious change in the electropotential record. How- 
ever, if light anaesthesia was maintained there was a gradual decrease in the 
frequency of the slow wave which was not accentuated by rapidly increasing 
the depth of anaesthesia (Fig. 2). The decline in the frequency of the slow 
waves affected both ends of the loop equally, and it could be shown that the 
slow waves were conducted from the upper to the lower end. The prolongation 
of the anaesthesia also resulted in a gradual decrease in the amount of visible 
movement in the duodenal loop, with which was associated a decrease in the 
size and number of the spike deflexions. Complete absence of the spike 
deflexions coincided with the cessation of movement. 
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Fig. 2. Effect of ether anaesthesia on the frequency of the slow wave. (a) Animal lightly 
anaesthetized ; (b) anaesthesia very deep; (c) anaesthesia as in (a). The frequency of the slow 
wave did not change suddenly with rapid changes of the plane of anaesthesia, but there was 
a gradual decrease in the frequency of the slow wave during the anaesthetic. 


Frequency of slow waves/min 


reeks experiments. Eleven experiments were carried out on seven 
animals. After a control period a strong spring-bladed non-crushing intestinal 
clamp was applied as tightly as possible across the loop between the electrodes 
(Fig. 1 at 4), and was left in place for 10-30 min. In some experiments the 
record was continued up to 1 hr after the removal of the clamp. The slow 
electropotential wave spreads along the normal exteriorized duodenal loop 
from the upper to the lower end (Fig. 3a) with a frequency of 16-20 waves/min 
(Armstrong et al. 1956). Less than 2 min after a clamp had been applied to the 
loop, the slow waves recorded from the lower electrodes became dissociated 
from those recorded from the upper electrodes (Figs. 36, 4). Above the clamp 
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the frequency of the slow waves remained unchanged except for the gradual 
slowing which occurred with anaesthesia, but below the clamp the frequency 
decreased markedly (Figs. 36, 4) and remained slow as long as the clamp was 
left in position. When the clamp was removed there was no change in the 
upper record, but the frequency of the waves at the lower electrodes usually 


Fig. 3. Simultaneous electrical records from the upper (upper trace) and lower (lower trace) ends 
of the exteriorized duodenum of the dog, showing the slow rhythmical electropotential wave, 
but no spike deflexions. (a) Control, slow wave recorded from the upper electrode before the 
lower electrode; (b) clamp between electrodes; (c) recovery after clamp removed. Time, sec. 
Calibration, upper trace, 0-8 mV; lower trace, 1-2 mV. 
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Fig. 4. Effect on the frequency of the slow waves of clamping the duodenum between the 
electrodes, Upper graph, upper electrode. Lower graph, lower electrode. (a) Clamp on; 
(b) clamp off. 
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increased gradually, until after 30-40 min the upper and lower ends of the 
loop were once more in step (Figs. 3c, 4). Table 1 shows the frequency of the 
slow waves recorded from each end of the loop before and during the applica- 
tion of the clamp. The mean frequency of the slow waves at the upper end 
of the loop was 16-46 + 1-39/min (392 readings) and at the lower end was 
13-01 + 1-89/min (392 readings) during the application of the clamp. Previous 
transthoracic vagotomy did not affect the frequency of the slow waves or the 
result of the application of the clamp; neither did previous division and repair 
of the pyloric antrum. 
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Fig. 5. Effect of inflating a pneumatic cuff between the electrodes to 80 and 250 mm Hg. Upper 
graph, upper electrode; lower graph, lower electrode. 


Frequency of slow waves/min 


Cuff experiments. In two experiments on two animals, after a control 
period a small pneumatic cuff (1-5 cm wide), similar to a sphygmomanometer 
cuff, was wrapped round the loop between the electrodes. There was no change 
in the frequency of the slow waves when the cuff was inflated to 80 mm Hg for 
20 min. However, when the pressure in the cuff was increased to 250 mm Hg 
the frequency of the slow waves below the cuff remained unchanged for 
5-7 min and then suddenly decreased and remained slow until the cuff was 
deflated (Fig. 5). 

Division of the loop. In one dog, at an acute experiment, the loop was 
divided between the electrodes. This animal had previously been used for 
a ‘clamp between electrodes’ experiment, and it was found that the effect of 
transection was similar to that of clamping (Table 1, dog 4). In four animals, 
at the original operation for the construction of the loop, the duodenum was 
divided at the mid-point of the future loop and the ends reunited. Up to 
60 days after the operation, numerous electrical records were obtained from 
the duodenum above and below the site of transection, and the mean frequency 
of the slow waves was 18-09 + 1-04 and 13-91 + 1-42 waves/min (491 readings) 
respectively; the difference between the means being 4-18 waves/min, which 
is highly significant (P< 0-001) (Table 1). In all these experiments, when the 
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rapid spike deflexions were present they always followed the slow wave at the 
decreased frequency (Fig. 6). The mean frequency of the contractions of the 
duodenum recorded kymographically from tambours placed above and below 
the site of transection was 17-41 + 1-26 contractions/min and 13-43 + 1-04 con- 
tractions/min (628 readings) respectively; the difference between the means 
being 3-98 contractions/min, which is highly significant (P <0-001). 


TasLe 1. Effect on the frequency of the slow wave of applying a clamp across the exteriorized 
duodenum between the electrodes and of division and anastomosis of the duodenum. The 
figure following the mean is the standard error of the mean, the figure in brackets the number 
of observations upon which the mean is based 


Clamp between Clamp between 
electrodes, e 


Control Control, lectrodes, 
upper electrode lower electrode upper electrode lower electrode 
Dog (waves/min) (waves/min) (waves/min) (waves/min) 

1 17-47 40-52 (15) 17-47 40-52 (15) 16-60 + 0-63 (15) 13-47 + 1-35 (15) 
1 17-00 + 0-69 (30) 17-1340-73 (30) 15-73 +. 0-67 (33) 12-00 + 1-67 (33) 
2  16-2740-64 (30) 16-27 +. 0-69 (30) 14-514. 0-74 (35) 10-744.0-81 (35) 
2 17-2140-67 (29) 17-17 +.0-66 (29) 15-52 + 0-62 (31) 13-13+.0-49 (31) 
3 17-87 +0-49 (31) 17-84+0-45 (31) 17-21 40-78 (33) 13-91 + 0-84 (33) 
4 17-70+0-53 (30) 17-60 + 0-49 (30) 17-83 40-46 (30) 15-07 + 0-52 (30) 
4 17-204 0-41 (30) 17-20 +.0-48 (30) 17-69 + 0-64 (32) 14-84 + 0-57 (32) 
5  17-5040-51 (30) 17-50 +. 0-51 (30) 16-52 + 0-62 (33) 11-884 1-08 (33) 
9*  18-7040-67 (10) 18-704 0-67 (10) 18-40 4 0-59 (21) 16-48 + 0-70 (21) 
7*  17-2740-52 (25) 17-24 +. 0-66 (25) 16-11 + 1-28 (18) 13-174 0-92 (18) 
1*  17-4740-61 (30) 17-4740-57 (30) 16-664. 0-79 (50) 11-864 0-57 (50) 
5+  156°8640-69 (35) 15-86 + 0-69 (35) 14-30 + 0-84 (30) 10-83 + 1-82 (30) 
16+  18-8740-49 (30) 18-33 + 0-55 (30) 17-48+40-51 (31) 14-164 0-86 (31) 
Total 17-2140-95 (374) 17-18 +0-99 (374) 16-46 + 1-39 (392) 13-01 + 1-89 (392) 

Upper electrode Lower electrode 

Dog (waves/min) (waves/min) 

1 15-77 + 0-42 (31) 12-45 + 0-62 (31) 

1 18-17 +.0-46 (30) 13-47 4.063 (30) 

17-77 0-55 (35) 12-544 0-56 (35) 

I 17-92 (110) 14-44 +. 0-80 (110) 

l 16-86 + 0-48 (21) 12-76 +. 0-53 (21) 

1 18-25 + 0-44 (60) 13-60 + 0-67 (60) 

1 17-71+0-46 (31) 14-23 + 0-67 (31) 

l 18-50-+0-51 (20) 13-804. 0-41 (20) 

14 18-43 + 0-57 (30) 14-10 + 0-55 (30) 

14t 19-08 + 0-57 (25) 14-96 + 0-54 (25) 

15* 18-10 + 0-64 (20) 14-90 +. 0-79 (20) 

20-17 + 0-38 (30) 14-90 + 0-55 (30) 

15*+ 19-57 + 0-51 (23) 16-17 40-65 (23) 

4§ 18-05 + 0-62 (19) 14-00 +. 0-58 (19) 

Total 18-09 + 1-04 (491) 13-91 + 1-42 (491) 


* Vagotomized animal. 


+ Animal in which the pyloric antrum had been divided and anastomosed. 
Transected loops. 
§ Acute experiment. 


Proximal clamp experiments, In nine animals at a second operation the 
stomach and duodenum above the loop were exposed and a clamp applied at 

» one or more of the following sites in sequence: pyloric antrum, duodenum at 
the level of the bile duct, and between electrodes (Fig. 1 at 1, 2 and 4). The 
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clamp was applied between the marginal vessels and the gut wall so as to 
avoid occluding the vessels passing to the loop. The frequency of the slow 
waves was not affected by the application of a clamp across the pyloric antrum 
(Fig. 7a, Table 2). When the clamp was applied at the level of the bile duct the 
frequency immediately decreased (Fig. 7c, Table 2). The decrease in the fre- 
quency of the slow waves occurred simultaneously at each end of the loop and 
the slow waves still spread down the duodenum from the upper to the lower 
end. Table 2 also shows that there was now no marked additional fall in 


[ 
L 


Fig. 6. Electrical record obtained simultaneously from positions above (upper trace) and below 
(lower trace) the site of division and anastomosis of an exteriorized duodenal loop. The 
decreased frequency of the slow wave below the site of division can be seen. The rapid spike 
defiexions follow the slow wave at both the normal and the changed frequency. Time, sec. 
Calibration, 1-8 mV, upper trace; 1-4 mV, lower trace. 
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Fig. 7. Effect of clamping the pyloric antrum and the duodenum at the level of the biliary ampulla. 
(a) Antral clamp.on; (b) clamp off; (c) duodenal clamp on. 


Frequency of slow waves/min 


TaB_e 2, Effect on the frequency of the slow waves/min of applying a clamp at the levels 
indicated. The mean frequency of the lower electrode only is given. Statistical presentation 
as in Table 1 


Clamp across 
o— across duodenum at the Clamp between 
Dog Control pylorus bile duct electrodes 

4 18-27 + 0-45 (30) 17-95 + 0-49 (22) 15-58 + 1-32 (29) — 

6 15-31 + 0-68 (26) 15-00 + 0-52 (30) 12-35 + 0-84 (40) —_ 

7 19-94 +4 0-75 (33) 20-35 + 1-03 (23) . 16-76 + 1-90 (41) 

l 17-31+40-64 (32) 15-74+ 0-68 (31) 

2 17-80 +.0-40 (20) 14-31 40-79 (36) 

8 18-60 + 0-87 (25) 10-62 + 0:74 (34) 

4 18-00 +. 0-37 (30) 15-27 +0-98 (22) 13-92 + 1-69 (26) 
10 18-09 + 0-54 (11) — 13-70 + 1-41 (10) 12-05 + 0-79 (17) 
il 18-44+ 0-75 (27) 14-90 +. 0-91 (20) 14-39 0-50 (23) 

Total 18-024 1-37 (234) 17-51 + 2-37 (75) 14-33 -+ 2-26 (263) 13-59 + 1-51 (66) 
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frequency of the slow waves if a second clamp was applied between the elec- 
trodes. The mean frequency of the slow waves during the control period was 
18-02 + 1-37 waves/min (234 readings), and during the application of the 
clamp at the level of the bile duct it was 14-33 + 2-26 waves/min (263 readings). 
As the frequency of the slow wave gradually decreased throughout the period 
of the anaesthetic we considered only a ‘step’ change in frequency, as in 
Figs. 4, 5 and 7, as significant. In one experiment in which a clamp was 
applied between the electrodes, there was a transient increase for 2 min in the 
frequency of the slow waves recorded at the lower electrode. 

Effect of localized heating and cooling. In eleven animals at fifteen experi- 
ments, four of which were acute, the stomach and duodenum above and below 
the loop were heated or cooled locally by the application of a hollow metal 
cylinder (7 mmx 10cm), through which was pumped either warm or cold 
water from a constant temperature reservoir. The cylinder was covered, except 
for the distal 2cm, with a thick rubber sleeve. The naked portion of the 
cylinder was held against successive points on the stomach and duodenum 
(Fig. 1 at 1, 2, 3 and 5). The water in the reservoir was kept at 45° C during the 
heating experiments. A second reservoir was filled with water at 0-32° C for 
cooling. The temperature of the exposed end of the cylinder was 44+0-5° C 
during heating, and 1-2° C above the reservoir temperature during cooling. In 
some experiments a smaller cooling cylinder was used in an effort to reduce the 
volume of tissue cooled. In six animals not in the above series the large 
cylinder was applied to various points on the duodenum and the temperature 
of the adjacent duodenum was measured at 5 mm intervals by recording 
the changes of resistance of a Thermistor (Stantel U2361 20). When the 
temperature of the large cylinder was 0° C the temperature of the circum- 
ference of the duodenal wall was 15-25° C. The effect did not extend more 
than 3 cm on each side of the cylinder, at which distance the temperature of 
the duodenum was 35°C. The rise in temperature produced by the warm 
cylinder was limited to a distance of 2 cm on each side of the cylinder. 

The usual procedure was as follows: the stomach and duodenum were 
exposed and after a 20-30 min control period, the cylinder was held firmly 
against the serosal surface of the gut at the desired point, while first cold then 
warm water was pumped through it. The cylinder was then moved to another 
position and the procedure was repeated. Heating (45° C) or cooling (0-18° C) 
the pyloric antrum did not affect the frequency of the slow waves (Fig. 8a, 6). 
Heating the first part of the duodenum resulted in an increased frequency of 
the slow wave recorded from both ends of the loop (Fig. 8¢, e). The increase did 
not amount to more than 1-3 waves/min in any of the fifteen experiments, but 
an increase of this order was always produced. Cooling the first part of the 
duodenum to 20° C or less was immediately followed by a marked fall in the 
frequency of the slow waves recorded from both ends of the loop (Fig. 8d, f). 
If the temperature of the cooling cylinder was 32°C or more there was no 
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change in the frequency of the slow waves. The effect of heating or cooling the 
first part of the duodenum on the frequency of the slow waves recorded from 
the lower part of the loop was prevented by clamping the duodenum between 
the electrodes. In experiments on one animal, which will be described later, 
the effect of the clamp persisted for 89 days after it had been removed. The 


frequency of the slow wave below the site of transection was not affected by 


heating or cooling the upper duodenum. 

In some experiments an attempt was made to find the most sensitive region 
of the duodenum to cooling. When the large cooling cylinder (18° C) was 
applied to the duodenum 1 cm below the pylorus the frequency of the slow 
waves decreased by 1-2 waves/min. If the cylinder was then moved to the 
region of the bile duct there was an additional fall in the frequency of the slow 
wave by 1-2 waves/min. But there was no further decrease if the cooler was 
applied to a point just above the loop. We were unable to demonstrate any 
point on the duodenal surface above the loop which was more sensitive to heat 
than other points. 
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Fig. 8. Effect of heat and cold applied to the pyloric antrum and upper part of the duodenum. 
Pyloric antrum 45° C (a), 18° C (6); duodenum just above the loop 45° C (c), 18° C (d); 
duodenum at the entrance of the bile duct 45° C (e), 18° C (f); (g) cylinder removed. 


During most of these experiments the exteriorized duodenum was not 
contracting and there were only occasional bursts of the rapid spike deflexions 
which corresponded to the presence of visible movement. The bursts of spike 
deflexions always followed the slow wave, as in the normal animal, even if the 
frequency of the slow wave had been changed by cooling the first part of the 
duodenum. 

In five animals cooling the duodenum below the loop did not result in any 
change in the frequency of the slow waves. Heating the duodenum below the 
loop resulted in a transient increase (24 min) in the frequency of the siow 
waves and the direction of the slow waves was reversed (Fig. 9a, 6). Reversal 
of the direction of the slow waves, however, continued as long as the heater 
was applied, and in some cases occurred when the duodenum below the loop 
was manipulated. 

Failure of the slow waves to regain their normal frequency after the remove! of 
the clamp. It has already been mentioned that after the removal of the clamp 
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the frequency of the slow waves below the point of clamping usually returned 
to normal within an hour. However, in two animals, the slow waves below the 
site of the clamp remained independent of and slower in frequency than the 
waves above until the animals were killed 20 and 89 days later. In one of these 
animals the effect of heating and cooling the first part of the duodenum before 
the clamping experiment affected both ends of the loop. But after the clamping 
experiment the upper and lower parts of the loop were independent and only 
the upper waves were affected by heating or cooling the first part of the 
duodenum. In a third animal the frequency of the slow waves and of the 
rhythmic contractions recorded kymographically of the exteriorized duodenum 
remained slow after the duodenum had been clamped at the level of the bile 
duct. The frequency of both the slow waves and the rhythmic contractions 
returned to normal in 10 days. 


b 
Fig. 9. Effect of heating below the loop. (a) Control; (b) heating (45° C) below the loop. The 
direction of the slow wave was reversed during (b). Above, upper trace; below, lower trace. 
Time, sec. Calibration, 0-9 and 0-8 mV, upper and lower respectively. 


Localization of the site of origin of the slow wave. (1) Fig. 10 shows the effect 
of applying a narrow-bladed crushing clamp: (a) at the pylorus; (6) 2-5cm 
below the pylorus; and (c) at the level of the bile duct (4 cm below the pylorus). 
A sudden and sustained fall in the frequency of the slow wave followed the 
application of the third clamp. 

(2) Localized cooling with a technique similar to that described above, 
except that the cooling cylinder was much smaller (naked portion 5 x 4 mm), 
failed to affect the frequency of the slow wave when the cylinder was applied 
to the region of the bile duct or elsewhere on the first part of the duodenum. 

(3) Infiltration with procaine hydrochloride (B.P. 1%). In six animals 
infiltration of the duodenal wall in the region of the bile duct with 1 ml. 
procaine failed to affect the frequency of the slow wave. Ring infiltration with 
5-7-5 ml, mid-way between the pylorus and the bile duct in one animal was 
followed by a slight fall in the frequency of the slow wave, but there was no 
change in the other five animals. However, in all animals a marked fall in the 
frequency of the slow wave followed ring infiltration just below the bile duct 
(Fig. 11). The effect of the procaine began to wear off in 10-20 min. A maxi- 
mum of 12-14 ml. procaine was used in each of these experiments. 
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Jejunal loop, clamp experiments. In three animals in which a loop of jejunum 
50cm below the ligament of Treitz was exteriorized, applying a spring 
clamp to the second part of the duodenum was followed by a fall in the 
frequency of the slow waves of the jejunum. When a second clamp was 
applied 6 cm below the ligament of Treitz there was an additional fall in 


frequency (Fig. 12). 


£ 5 1 l 
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Fig. 10. Effect of a series of clamps applied across the duodenum (a) at the pylorus, (5) 2-5 cm 
below (a), (c) at the level of the biliary ampulla 1-5 cm from (6). 
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Fig. 11. Effect of procaine (1%) infiltration. (a) 1 ml. into the duodenal wall just above the 
entrance of the common bile duct; (6) ring infiltration above the common bile duct; (c) ring 
infiltration below the common bile duct. 
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Fig. 12. Jejunum 50 cm below ligament of Treitz. Effect of clamp applied (a) across duodenum 
5 cm below common bile duct; (b) 6 em below the ligament of Treitz; (c) clamps removed. 
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DISCUSSION 


If the slow wave controls the frequency of the contractions of the small 
intestine, any factor which alters the frequency of the slow wave should 
produce a comparable alteration in the frequency of the rapid spike deflexions 
and of the contractions of the bowel. All the observations made in these 
experiments showed that the alterations in frequency were in fact comparable 
(Fig. 6). Douglas (1949) showed that the duodenum exerted some influence on 
the frequency of the rhythmical contractions of the jejunum. The frequency 
of the slow electropotential wave recorded from the jejunum is similarly 
affected by clamping the duodenum below the bile duct. 

Several of our experiments consisted of placing a spring clamp across the 
duodenum: and it is relevant to discuss the effects of clamping, and to consider 
which of these effects is responsible for the decrease in the frequency of the 
slow waves below the clamp. 

(1) The bowel below the clamp becomes empty apart from its own secre- 
tions. Loss of the normal stimulation from the bowel contents does not seem 
to be the factor responsible for the decrease in the frequency of the slow waves 
for the following reasons: (a) a pneumatic cuff inflated to 80 mm Hg obstructs 
the lumen of the bowel without causing a decrease in the frequency of the slow 
wave; (b) although the lumen was patent there was delayed recovery after the 
removal of the clamp in three animals; (c) the effect of division and anasto- 
mosis of the loop. 

(2) The trauma inflicted by the clamp might result in a reflex slowing of the 
slow wave below the point of injury. Bayliss & Starling (1899) showed a reflex 
inhibition of muscular contraction below an injured bowel wall. The decreased 
frequency of the slow wave below the clamp does not seem to be a reflex 
phenomenon because of the prolonged effect in three animals, the effect of 
division and anastomosis, and the effect of procaine infiltration. 

(3) The effect of the clamp is unlikely to be due to interference with the 
blood supply of the loop below the clamp since the blood vessels enter the loop 
from both ends. 

(4) A clamp applied across the bowel could, by a combination of pressure 
and ischaemia, block the conduction of impulses through the structures in the 
bowel wall. Whether the slow wave is transmitted along the nerve plexuses 
in the bowel wall, or across the intercellular bridges of Englemann as Bozler 
(1946) believes, or along a modified type of smooth muscle similar to the 
Purkinje fibres in the heart as Keith (1915) postulated, remains uncertain. 
Conduction in peripheral nerves may be blocked by 150 mm Hg pressure, 
possibly as a result of ischaemia (Causey & Palmer, 1949). However, so little 
is known concerning the function of the fine non-myelinated nerve fibres in the 
gut wall that it is probably unwise to make a comparison. Stannius (1852) and 
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Gaskell (1882) showed that the conducting system of the heart could be 
blocked by pressure. We believe that the decrease in the frequency of the slow 
waves below the clamp results from the interruption of the conduction along 
the bowel wall for the following reasons: (a) «ircumferential procaine infiltra- 
tion, division and pressure sufficient to produce ischaemia, all had the same 
result; (b) the failure of the slow wave below the site of the clamp to return to 
the normal frequency after the clamp had been removed appears to indicate 
that the clamp may cause irrecoverable damage to the conducting mechanism. 

A metabolic gradient (Alvarez & Starkweather, 1919) would be disturbed 
by the local application of heat or cold. If it can be assumed that the metabolic 
dantaaes remains localized to the region in which the temperature is 

ed, in our experiments the alterations in the frequency of the slow wave 
walls be limited to 3 cm on each side of the cooling cylinder. In fact the 
changes in frequency of the slow waves were noted at points 15 cm or more 
from the site of stimulation. Consequently, we believe that the effect of heat 
or cold is transmitted along the gut by a conducting mechanism. Other 
findings in favour of this hypothesis are: (a) the failure of the application of 
heat or cold to the upper duodenum to influence the frequency of the slow 
waves of the lower duodenum in those dogs with divided loops or in which 
clamping had caused permanent interruption of conduction; (6) moving the 
cooling cylinder below the bile ducts and closer to the loop did not increase the 
effect. 

The reversal of the direction of the slow wave when the duodenum below the 
loop was heated seems to show: (a) that localized heat starts an ectopic focus 
of origin for the slow wave—Lewis (1911) mentioned a similar phenomenon in 
the heart; (b) that conduction of the slow wave is almost equally easy in both 
directions. Ambache (1947) observed a similar but spontaneous reversal of the 
direction of the slow wave in isolated ileal strips im vitro. 

The effect of cold was not only more marked than that of heat but did not 
appear to produce an ectopic origin for the slow wave. The explanation of the 
finding, that cooling the duodenum between the entrance of the bile duct and 
the beginning of the loop resulted in a decrease in the frequency of the slow 
waves of the loop or prevented the frequency from returning to normal, appears 
to be that a cold block of conduction is produced. In total body cooling 
a temperature of 30° C produced a block in the conduction of the slow waves 
along the duddenum (Milton & Smith, unpublished). 

The experiments reported here appear to show the existence of a intbanitth 
in the upper duodenum close to the entrance of the bile ducts which normally 
maintains the frequency of the slow wave and consequently that of the rapid 
spike deflexions of the electrical record and that of the mechanical contrac- 
tions in the duodenum and upper jejunum. The frequency of the discharges 
from this area may be decreased by cold or increased by heat; they may be 
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blocked by clamping the bowel or by ring procaine infiltration. The area does 
not appear to be a localized node, for we were unable to influence the frequency 
of the slow wave by cooling small patches of the duodenum, or by infiltrating 
small areas with procaine. It was only when the full circumference of the 
bowel was affected that the frequency of the slow wave decreased in the 
exteriorized loop. Although this area normally predominates over the rest 
of the duodenum, its influence can be overridden by stimulation (for example 
by heat) of the duodenum elsewhere. 

These experiments throw little light on the nature of the structure which 
conducts the slow wave, but the ease with which an ectopic focus can be 
produced, and the rapidity with which conduction may be blocked by 
ischaemia, suggest that the structure may be similar to the conducting tissues 
of the heart, as Keith postulated 40 years ago. 


SUMMARY 


1. The electrical and mechanical records which may be obtained from an 
exteriorized loop of duodenum in continuity with the rest of the gut were 
studied in thirty-one bitches. 

2. The results of these studies appear to show: 

(i) That the slow component shown on the electrical record is the factor 
which controls the frequency of the rhythmical contractions of the bowel. 

(ii) That the slow component of the electrical record from the duodenum 
and upper jejunum is itself normally influenced by the discharges from an area 
in the region of the bile duct. 

(iii) That the jejunum, although affected by the bile duct area, is under the 


influence of one or more centres at lower levels. 


(iv) That an ectopic focus of origin of the slow electropotential wave may 
be formed by heating the duodenum at any site. 


We are grateful to Professor A. E. Ritchie and Dr H. I. O. Armstrong for their help in this work, 
and to Dr B. Woolfe for his help in the statistical evaluation of our results. 
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/ THE CONCENTRATION OF SODIUM IN THERMAL SWEAT 


By M. G. BULMER anp G. D. FORWELL 


From the R.A.F. Institute of Aviation Medicine, 
Farnborough, Hants 


(Received 17 October 1955) 


It is generally agreed that the concentration of sodium in thermal sweat is 
always less than that in plasma and that it usually increases with sweat rate 
(Johnson, Pitts & Consolazio, 1944; Robinson & Robinson, 1954). However, 
an increase in sweat rate is normally accompanied by a rise in both skin and 
rectal temperatures, and it is difficult to distinguish the effect of these three 
factors on sweat sodium concentration. Several authors have come to the 
conclusion that skin temperature has a direct effect on the salt concentration 
of the sweat (Johnson et al. 1944; Robinson, Gerking, Turrell & Kincaid, 1950; 
Weiner & van Heyningen, 1952). 

In this paper evidence is presented which is contrary to that contention, 
and the following hypothesis is put forward to explain the quantitative 
relationship between the sweat sodium concentration and the sweat rate. 
Sweat must ultimately be derived from interstitial fluid, the sodium concentra- 
tion of which is almost the same as that of plasma: in the formation of sweat 
sodium must therefore be retained in some way, since its concentration is 
lower in the sweat. It is suggested that sweat is formed from a precursor fluid 
with the same sodium concentration as interstitial fluid and that sodium is 
retained by the sweat glands as this fluid passes through them. Evidence will 
be presented that the quantitative relationship between the sweat sodium 
concentration and the sweat rate can be explained by supposing that the 
amount of sodium retained by the sweat glands reaches a constant maximal 
value at high sweat rates. 

Three experiments were performed to test this hypothesis; in the first two 
the skin temperature was allowed to vary with sweat rate, in the third it was 
allowed to vary on some days but kept as constant as possible on others. In 
this way it was hoped to distinguish the direct effect of skin temperature from 
that of sweat rate. The first two experiments have been briefly reported before 
(Bulmer & Forwell, 1954). 
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METHODS 


The three experiments performed were a preliminary one on subject D.B; a second on four 
subjects, I. B., J.D., A.G. and M.C.; and a third on four other subjects, B.C., T.D., M.D. and 
H.M. All subjects were healthy young men. 

Subject D. B. was acclimatized to heat before the experiment began. In each exposure, after 
the preliminary running-up period, he walked on a treadmill for three consecutive periods each 
of 20 min, at 300 ft./min and slopes varying between 0° and 6°. The ambient dry-bulb temperature 
ranged between 35 and 50° C at various humidities, This subject was exposed either once or twice 
a day during December 1953. 

Subjects I. B., J. D., A.G. and M.C. were exposed twice a day, 5 days a week during March 1954. 
Each exposure consisted of sitting for 25 min in a chamber whose environment was maintained 
at 38° C, 85% relative humidity, followed immediately by transference to another chamber where 
the subjects faced a linear air movement of 700 ft./min in an environment whose relative humidity 
was always 35%, while the temperature was controlled at any desired level between 39 and 46° C. 
During their 35 min in the second chamber the subjects walked on a treadmill at 300 ft./min and 
3° slope. The first 15 min were used as a running-up period, followed by a 20 min collection 


Subjects B.C., T.D., M.D. and H.M. were exposed twice a day, 5 days a week for 5 weeks 
during January and February 1955. During the fourth week they ran on the treadmill in a room 
at either 39 or 46° C and 35% relative humidity. They sat in this room for 10 min and then ran 
on the treadmill for 50 min, the first 20 min of which were used as a running-up and the remaining 
30 min as a collection period. During the other 4 weeks the arm from which sweat was being 
collected was immersed in a large water-bath maintained at 42° C; in these weeks the ambient 
temperature was either 45 or 50° C and the relative humidity 35% as before. The subjects sat 
with one arm in the water-bath for an hour, the first half-hour of which was used as a running- 
up period, the second as a collection period. 

After the running-up period, one arm was washed down with distilled water, dried, and 
enclosed in a polythene arm-bag up to a fixed mark on the upper arm. Hand sweat was excluded 
by a rubber glove sealed with adhesive tape. The skin temperature of the fore-arm was taken 
within 1 min of removing the bag with a copper-constantan thermocouple in the first two experi- 
ments; it was not measured in the third experiment. The sweat was then emptied from the bag 
and weighed. The arm and arm-bag were washed down with distilled water and the calculated 
volume of sweat present in the washings added to the weighed amount. The time taken to wash 
down the arm was added to the collection period and the sweat rate corrected accordingly. Salt 
tablets containing about as much sodium chloride as that lost in the sweat were taken with meals. 
In the first experiment sodium concentrations were estimated using a Beckman flame photo- 
meter; in the second and third experiments an EEL flame photometer was used. About half an 
hour after an exposure venous blood samples were taken on eleven occasions from the four subjects 
in the second experiment, and on five occasions from the four subjects in the third experiment. 
No blood was taken from subject D. B. 


RESULTS 


The fundamental equation. It will be assumed that the amount of water, if 
any, reabsorbed from the sweat is constant and independent of the sweat rate; 
unpublished data of one of us (M. G. B.} suggest that this is the case. The 
amount of sodium retained by the sweat glands is the difference between the 
amount entering them and the amount secreted in the sweat. On the hypo- 
thesis outlined in the introduction, this quantity is b(V+K)—yV, where b is 
the concentration of sodium in the interstitial fluid, y that in the sweat, V the 
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sweat rate, and K the amount of water reabsorbed. At sufficiently high sweat 
rates the sodium retention is supposed to be equal to a constant, a 


b(V + K)-—yV =a, (1) 
which can be rewritten yV =(—a+bK)+bV, (2) 
or (3) 


Thus, if the hypothesis is true, the sweat sodium concentration should be 
linearly related to the reciprocal of the sweat rate with an intercept numerically — 
equal to the concentration of sodium in the interstitial fluid. The results will 
be presented in terms of equation (3), although equation (2) was used to fit 
straight lines to the data of the first and second experiments. This was done 
to make the statistical computations easier, since it was desired to estimate 
several different values of (—a+6K), while b remained constant. 
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Fig. 1. First experiment. Sweat sodium concentration plotted against the reciprocal of the sweat 
rate for data from subject D. B.; there were three consecutive periods in each exposure. Data 
from the first period are represented by ©; from the second by @; from the third by @. 
Three straight lines with the same intercept fit the points to the left of the arrow but not 
those to the right. 


=) 


First experiment. In this preliminary experiment on subject D. B., sweat was 
collected for three consecutive 20 min periods in each exposure. Subject D. B. 
ran on the treadmill during all exposures and his skin temperature increased 
with his sweat rate. He was acclimatized to heat before the experiment began. 
He sweated freely, his arm sweat rate at the highest ambient conditions and 
work rate reached 50 ml./20 min and varied between this and 8-9 ml./20 min 
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in the less severe conditions; the sweat sodium concentration ranged corre- 
spondingly between 120 and 30 m-equiv/l. Fig. 1 shows that the sodium 
concentration plotted against the reciprocal of the sweat rate gives a reasonably 
straight line at high sweat rates, but begins to tail off when the sweat rate is 
low. The data were therefore arbitrarily divided into two groups with sweat 
rate greater or less than 15 ml./20 min. The high sweat rate data are adequately 
represented by three straight lines with the same intercept obtained by fitting 
separate regression lines for the three periods by the method of least squares. 
There is a significant difference between the slopes 0-01 > 
P >0-001) but not between the intercepts 49) = 2°4; 0°20 > P>0-10). There 
is no significant deviation from linearity (F q 39;=0-46; P > 0-20). The common 
intercept of the lines is 143 + 7-2 m-equiv/I. (s.z. of estimate with 10 degrees of 
freedom); the slopes for the first, second and third periods are — 2-048, — 1-648, 
and — 1-156 m-equiv respectively. The range of plasma sodium concentration 
usually given in the literature is 135-150 m-equiv/l. (King, 1947). For points 
with low sweat rates, the three lines do not have the same intercept (Fj, ,;=5-6; 
P=0-05); there are not enough data to continue this analysis. The mean inter- 
cept is 115 m-equiv/l. 

Second experiment. The four subjects were exposed twice a day; in each 
exposure there was only one collection period, during which they ran on a 
treadmill. These subjects were not acclimatized to heat before the experiment 
began, and during acclimatization the sweat rates of all four increased slightly 
while the sodium concentration in their sweat fell. The data for these subjects 
have been plotted in Fig. 2. The scatter of the points is rather large; it was 
found that most of this was caused by day-to-day variation which can be 
attributed to fluctuations in the maximal reabsorptive capacity of the sweat 
glands caused by slight day-to-day variations in salt intake. To eliminate 
variation from this source, a straight line was fitted to these data by the 
method of least squares; the term (—a+K) was allowed to vary from day to 
day, while 6, in accordance with hypothesis, was kept constant. Equation (2) 
was used to perform this analysis, but the results will be presented in terms of 
equation (3), in terms of which the figures are also drawn. 

The data on these subjects have been plotted in Fig. 2 and the results of the 
statistical analysis are given in Table 1. The data on subjects I. B. and J. D. 
are adequately fitted by straight lines, the intercepts of which are not signifi- 
cantly different numerically from the means of the estimates of the plasma 
sodium concentrations made in these subjects respectively. The results from 
subjects A. G. and M. C. cannot be represented by straight lines; the numerical 
values of the intercepts derived from the data from these subjects, when fitted 
on the assumption of linearity, are well below plasma sodium concentration. 
These two subjects had considerably lower sweat sodium concentrations than 
the former two. 
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Fig. 2. Second experiment. Sweat sodium concentration plotted against the reciprocal of the 
sweat rate; straight lines fit the data obtained from subjects I. B. and J. D. but not those from 
subjects A.G. and M.C. Much of the information contained in the statistical analysis has 
been lost in the graphs since data from different days have necessarily been confounded. 


TaBLE 1. Linear regression analysis of sodium concentration against the reciprocal of 
sweat rate for the first and second experiments 


F-test Degrees Intercept + 8.E. Mean plasma 
for of of estimate sodium 
Subject linearity freedom Probability of F (m-equiv/1.) (m-equiv/L.) 
D.B, (low Not enough data to test for linearity 115 Not measured 
sweat rates) 
D.B (high 0-46 1,10 P>0-20 143-44 7-2 Not measured 
sweat rates) 
1-13 1,17 P>0-20 140-8 44-5 140-6 
J.D. 0-004 1,17 P>0-20 134-5+4-1 142-0 
A.G 5:8 1,10 0-05 >P>0-01 92-8 141-1 
M.C, 22-6 1, 12 0-001 >P 89-1 143-1 


Third experiment. During most of the exposures in this experiment the skin 
temperature of the four subjects were kept as constant as possible by immersing 
the arms from which sweat was being collected in a large water-bath at 42° C. 
A few exposures were made on a treadmill for comparison. In this experiment 
day-to-day variation was reduced by keeping the salt intake constant and has 
been ignored in the analysis. In Fig. 3 the sodium concentration is plotted 
against the reciprocal of the sweat rate; the data from the first 2 weeks of the 
experiment, during which the subjects were becoming acclimatized to heat, 
have been excluded. It can be seen that the regression is approximately linear 
provided that the sweat rate is greater than about 20 ml./30 min (that is 
provided 1/V < 0-05), and that the regression is not altered by keeping the skin 
temperature constant. The points from the treadmill experiments have a much 
larger seatter than those from the experiments in which the water-bath was 
used; this unfortunately prohibits the statistical comparison or combination 
of the results from these two series of experiments. A linear regression line has 
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been fitted to the points from the water-bath experiments in which the sweat 
rate was greater than 20 ml./30 min and the results of this analysis are given 
in Table 2. 

The four tests for the difference between plasma sodium concentration and 
the intercept can be combined by Fisher’s (1948) compound probability test to 
give x% = 12-16 (P=0-14). There is thus reasonably good agreement that the 
two values are equal. 
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Fig. 3. Third experiment. Sweat sodium concentration plotted against the reciprocal of the sweat 
rate for data from subjects B.C., T. D., M.D. and H.M. Data obtained when skin temperature 
was constant are represented by @; when skin temperature varied, by O. The straight lines 
have been drawn through the closed circles lying to the left of the arrows. 


TaBLE 2. Linear regression analysis of sweat sodium concentration on the reciprocal of the sweat 
rate for the third experiment. The lines have been drawn through the data obtained at 
constant skin temperature and with sweat rates greater than 20 ml./30 min 


Mean plasma sodium 


Intercept + 8.E. (m-equiv/l.), with Probability of 
Subject of estimate no. of readings difference 
B.C. 1465+ 6-6 144-8 (5) 0-80 
T.D. 121-14 93 142-6 (5) 
M.D. 97-44 40-5 143-1 (5) 0-292 
H.M. 118-44 18-2 140-5 (4) 0-257 
DISCUSSION 


That the sweat glands have a maximal capacity for retaining sodium, just as 
has the kidney for glucose, seems a plausible hypothesis. Furthermore, a 
sensitive experimental test of this hypothesis is available because it demands 
that at high sweat rates the graph of sodium concentration against the 
reciprocal of the sweat rate should be a straight line with an intercept 
numerically equal to the plasma sodium concentration. (It is assumed that 
the sodium concentrations in plasma and interstitial fluid are the same. This 
assumption is justified by the consideration that the two corrections necessary 
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to convert one to the other, the water concentration of the plasma and the 
Donnan equilibrium, are about equal in magnitude and are opposite in direc- 
tion.) Our preliminary data on subject D.B. seemed therefore to be very 
suggestive. Three straight lines allowing separate slopes, but with the same 
intercept, for the three successive periods in each exposure, fitted the points 
with sweat rates greater than 15 ml./20 min period as well as any other set of 
curves. The hypothesis demands that all the intercepts must be the same and 
numerically equal to plasma sodium concentration, which indeed they seemed 
to be. The difference between the slopes for the three successive periods may 
be explained by supposing that the sweat glands are becoming fatigued; this 
explanation is supported by their numerical values of —2-048, —1-645 and 
—1-156 m-equiv for the first, second and third periods respectively. Other 
workers have reported that fatigue affects both sweat rate and sodium 
concentration (Robinson & Robinson, 1954). For low sweat rates, however, 
the lines do not have the same intercepts; the common intercept, fitted as 
though they were the same, is 115 m-equiv/l. which suggests that retention of 
sodium decreases at low sweat rates. The retention cannot remain constant for 
all sweat rates since this would demand negative sweat sodium concentrations 
for sufficiently low sweat rates, and it is reasonable to assume that retention 
is asymptotically maximal, and that this limit is attained at high sweat rates. 

Our intention in the second experiment was to produce high sweat rates at 
which retention would be maximal. In two subjects this has been achieved 
and the results obtained fit well with those predicted. The failure of the results 
from the other two subjects to lie on the predicted line should not be taken as 
evidence against the hypothesis because the sodium concentration in their 
sweat at high sweat rates was so low that to maintain the retention rate 
constant at the lower sweat rates, the sodium concentration in their sweat 
would have had to have been absurdly low and on some days even negative. 
This contention is supported by the fact that the results from both these 
subjects show significant deviation from linearity, and that the numerical 
values given by the intercepts calculated assuming linearity are appreciably 
less than plasma sodium concentration. Both of these conditions must hold 
if retention decreases with sweat rate below a certain critical level. In other 
words, the principal factor which determines whether or not a point is on the 
linear part of the curve is not the sweat rate but the sodium concentration of 
the sweat; our experiments suggest that the critical concentration is about 
50 m-equiv/L. 

The results of the third experiment suggest that when the skin temperature 
is kept constant, the sweat sodium concentration increases with the sweat rate 
in roughly the same manner as when the skin temperature is allowed to vary, 
and that the graph of sweat sodium concentration against the reciprocal of 
sweat volume at constant skin temperature is a straight line with an intercept 
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not significantly different from the plasma sodium concentration. Thus the 
skin temperature does not appear to have any direct effect on the sweat 
sodium concentration. Robinson et al. (1950) have shown that when two arms 
are maintained at different temperatures the sweat rate of the cool arm is 
sometimes greater than that of the warm arm, but that the latter invariably 
has the higher salt concentration. They conclude that skin temperature has 
a direct effect on the salt concentration. It is now suggested that their results 
can be equally well explained by the greater fatigue on the warm arm than on 
the cool, which has the effect of making the sweat rate of the warm arm less 
than that of the cool but its salt concentration higher. This cross-over effect is 
thus never observed at the beginning but is progressively more likely to occur 
towards the end of a long experiment. 

Thus the sweat glands behave as if they have a quickly fatigable maximal 
capacity for retaining sodium which is reached if the sweat sodium concentra- 
tion is greater than approximately 50 m-equiv/l.; when the sodium concentra- 
tion is less than this critical level, retention appears to be submaximal. 


SUMMARY 


1. The hypothesis is put forward that sweat is produced from a precursor 
fluid with the same sodium concentration as interstitial fluid, and that as it 
passes through the sweat glands they absorb sodium from it. It is supposed 
that the sweat glands have a limiting maximal capacity for retaining sodium 
which is reached when the sweat rate is sufficiently high. 

2. Deductions from this hypothesis are shown to hold good when the sweat 
sodium concentration is greater than about 50 m-equiv/l.; from the results it 
is suggested that when the sodium concentration is less than this, sodium 
retention is less than maximal. 

3. Skin temperature has little or no effect on the sweat sodium concentration. 


We are indebted to the Director General of Medical Services, R.A.F., for permission to publish 
this paper. 
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THE CERVICAL SYMPATHETIC SYSTEM AND LIGHT- 
INDUCED OESTRUS IN THE FERRET 


By B. T. DONOVAN* ann J. J. van per WERFF ten BOSCHt 


From the Department of Neuroendocrinology, Institute of Psychiatry, 
Maudsley Hospital, London, S.E. 5 


(Received 25 October 1955) 


At the present time the hypothesis that the gonadotrophic activities of the 
adenohypophysis are under the immediate control of the sympathetic nervous 
system is accorded little support. The evidence concerning a nerve supply to 
the pars distalis of the pituitary is unconvincing, and conclusive studies in 
favour of this view are lacking (see Donovan & Harris, 1955). Recently, 
however, Abrams, Marshall & Thomson (1954) briefly reported that removal 
of the superior cervical sympathetic ganglia in anoestrous female ferrets 
prevented the onset of oestrus which normally follows the exposure of these 
animals to prolonged illumination. They suggested that these results indicated 
that the cervical sympathetic chains are in some way concerned in the 
mechanism whereby the exposure of ferrets to light accelerates the onset of 
oestrus. 

It is difficult to picture the cervical sympathetic as a direct link in the reflex 
chain by which light causes the release of gonadotrophins. This chain seems to 
be entirely contained within the central nervous system, and it is possible that 
the effect of sympathectomy observed by Abrams et al. (1954) is due to the 
well-known ocular changes (pupillary constriction, enophthalmos and ptosis) 
which follow the operation. It might be argued that these changes lead to 
a reduction in the amount of light reaching the retina, and therefore to 
a diminution in the intensity of the stimulus. The inhibition of the light reflex 
would thus be indirect. 

In order to test the above view the studies of Abrams et al. have been 
repeated and extended. Our observations only partially confirm those of the 
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METHODS 


Twenty-nine anoestrous albino female ferrets were used and the operations carried out in the 
autumn of 1954. All operations were performed under intraperitoneal pentobarbitone sodium 
(‘Nembutal’) anaesthesia, 36 mg/kg body weight. In six animals the superior cervical ganglia, and 
in ten the stellate ganglia were bilaterally removed. All these animals will be referred to as 
‘sympathectomized’. Four ferrets were thyroidectomized to examine the possibility that the 
operation of cervical sympathectomy inadvertently interfered with thyroid function. Nine con- 
trol animals were prepared, comprising four in which the cervical ganglia and the thyroids, and 
five in which the stellate ganglia were exposed but not removed. The cervical sympathetic ganglia 
and the thyroid glands were approached through a midline incision in the ventral surface of the 
neck; stellate ganglionectomy was performed by a dorsal thoracic approach. The experimental 
groups are summarized in Fig. 1. 

The animals were housed in special racks and kept under the same constant conditions and on 
the uniform diet described by Donovan & Harris (1956). The racks were so constructed that all 
ferrets received the same amount of light, provided by 40 W Mazda Daylight Type MCF/U 
fluorescent lamps arranged above the cages. On 8th November 1954 the lights were adjusted by 
a Sangamo- Weston time switch to provide 16 hr illumination daily in one spell. Four ferrets—the 
cervical blank-operated group—entered the experiment 4 days later, being transferred from normal 
daylight conditions immediately after operation on the 12th November. During the course of the 
study the ferrets were weighed and examined at weekly intervals, the vulva being observed for 
oestrous swelling and the eyes inspected for the presence of ptosis and cataract. Cataract, which 
occasionally develops on prolonged illumination, was not encountered; all the ferrets remained in 
good health. At the end of the experiment most of the oestrous animals were mated to see whether 
ovulation would occur after sympathectomy. 

The animals were killed in May and June 1955. Each animal was killed with pentobarbitone 
sodium and its ovaries, uterus, adrenals and thyroid glands weighed and examined. The operation 
sites of all experimental ferrets were carefully dissected and observed under a binocular micro- 
scope for the presence or absence of nervous connexions across the site of ganglionectomy. The neck 
of each thyroidectomized ferret was carefully examined to control the completeness of the opera- 
tion; all suspect tissue was removed for histological examination by serial section. 


RESULTS 


Ocestrous response. The time of onset of heat in each animal is given in Fig. 1. 
From this it will be seen that all blank operated and three of the four thyroid- 
ectomized ferrets had become oestrous by the middle of January, that is after 
9 weeks of exposure to long daylight conditions. The fourth thyroidectomized 
ferret (105) came into heat after 15 weeks’ exposure. The sympathectomized 
animals came into heat after 12-22 weeks of prolonged illumination with the 
exception of ferret 67 (stellate ganglionectomized), which only responded after 
29 weeks. The time of this last occurrence was well within the limits of the 
normal breeding season. 

Eye signs. The eyes of all ferrets were examined weekly throughout the 
experimental period. All sympathectomized animals displayed a Horner’s 
syndrome which was marked by ptosis of the upper lid and enophthalmos. 
These typical eye signs (illustrated in Pl. 1) were never detected in blank 
operated and thyroidectomized animals. In three animals (87, 86 and 83) 
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the Horner’s syndrome disappeared at 15, 17 and 27 weeks after sympath- 
ectomy. These ferrets came into heat at times not significantly different from 
most of the other stellate ganglionectomized animals. 

Representatives of all experimental groups were mated and subsequently 
became pregnant or pseudopregnant. Sympathectomy was not observed to 
affect normal mating, pregnancy, parturition or lactation. 


"Weeks of prolonged illumination before onset of oestrus 
Ferret 5 10 15 20 25 


19 Jan. 23 Feb. 30 Mar. 4 May 


Cervical 
ganglionectomy 


) Fig. 1. Diagram showing length of exposure to prolonged illumination required for the oestrous 
response in the various groups. Under normal daylight conditions ferrets usually begin to 
come into heat from early March onwards. 


Post-mortem findings. Dissection of the operative regions in the blank 
operated group showed that the normal connexions of the ganglia existed in 
all. Superior cervical ganglionectomy was found to have been complete in all 
the animals so operated, except possibly one. On five occasions the caudal 
stump of the sympathetic chain was seen to reach upwards just beyond the 
origin of the laryngeal branch from the nodose ganglion. The stump then ended 
abruptly or lost itself in the fibrous sheet at the operation site. The rostral 
: stump of the cervical sympathetic, which normally runs upwards along the 
internal carotid artery and then ente~= the skull through the foramen lacerum, 
. was entirely absent in all but ferret 103. Here on the right side a strand was 
| seen to emerge from the scar tissue and course upwards along the carotid. 
The presence of minute connexions cannot be excluded in this case although 
? ptosis was present. In five operative sites there was no sign of a sympathetic 
chain. 
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All stellate ganglia had been entirely removed. In most animals a sheet of 
fibrous tissue marked the operative site, and in this the thoracic sympathetic 
chain ended. Usually a thin strand, cervical sympathetic or its sheath, ran 
from the vagus sheath to this scar, although in several cases this remnant was 
absent. The proximal and distal ends of the sympathetic were well separated, 
except in ferret 86 where on the left side a (? nervous) branch connected 
cervical and thoracic chains. This link ran a course medial to and independent 
of the stellate ganglion. Also, in ferret 83 a very small strand of nerve fibres 
may have provided a connexion between the thoracic and cervical parts of the 
sympathetic chain on the right side. 

The thyroid region of all thyroidectomized ferrets was carefully examined 
and all suspect tissue serially sectioned. Regenerated thyroid tissue, which lay 
buried in solid yellow-orange nodules, was found in all. It was difficult to 
estimate the size of the residual tissue, but in no case did it exceed one-quarter 
of the normal thyroid volume. Least tissue was found in ferrets 105 and 107, 
where it comprised but a few follicles in several sections. It seems unlikely 
that sufficient thyroid tissue was present to maintain a euthyroid state. 

The figures for body weight and thyroid and adrenal weights were similar in 
the blank operated and sympathectomized groups. 


DISCUSSION 


Numerous studies have been made concerning the role of the cervical sym- 
pathetic in the control of anterior pituitary function. That this part of the 
sympathetic system is not essential for reproductive functions was shown by 
Cannon, Newton, Bright, Menkin & Moore (1929) for cats, and by Hinsey & 
Markee (1933-4) and Brooks (1935) for rabbits. Mating, pregnancy, parturi- 
tion and lactation were normal in the sympathectomized females studied. 
Quite recently Ifft (1953) reported on the effect of bilateral superior cervical 
ganglionectomy on pituitary gonadotrophic function. He found that the 
constant oestrus induced in rats under continuous illumination was unaffected 
by the operation, as was the cytology of the pars distalis. Electrical stimula- 
tion of the sympathetic chain has failed to yield consistent results concerning 
the release of gonadotrophins (Haterius, 1933-4; Friedgood & Pincus, 1935; 
Friedgood & Cannon, 1936). 

Since convincing evidence for an innervation of the pars distalis is lacking, 
and since there is much to indicate that the gland will function normally when 
only in humoral connexion with the median eminence, it would seem probable 
that any effect of sympathectomy on anterior pituitary function would be of 
an indirect nature. From the experiments of Marshall (1940), it is known that 
a reduction of light intensity (by moving the cage away from the light source) 
is associated with an increase in the exposure time required for the production 
of oestrus. An obvious explanation for the effect of sympathectomy can be 
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formulated along similar lines. It is clear that the Horner triad will greatly 
diminish the amount of light impinging upon the retina, and therefore the 
intensity of the stimulus will be greatly reduced. It seems that this effect 
(which is not commented upon by Abrams et al. 1954) may well explain the 
discrepancy between the results of these workers and those presented here. In 
the present experiments the light intensity may have been powerful enough and 
sufficiently above threshold to ensure a response, albeit delayed. The use of 
less intense extra illumination and for but a few hours daily by Abrams et al. 
may have resulted in the stimulus falling below the raised threshold brought 
about by sympathectomy, thereby abolishing any response within the experi- 
mental period. 

Since the onset of oestrus in the sympathectomized ferrets of the present 
series occurred at about the same time as that of intact ferrets kept under 
natural lighting conditions, it might be argued that an inherent rhythm rather 
than the special lighting conditions was responsible. There is, however, evi-. 
dence against this view, since the ferrets of Abrams et al. had not become 
oestrous as late as June. Survey of data for earliest oestrus under normal 
light conditions given in papers by Le Gros Clark, McKeown & Zuckerman 
(1938-9), Marshall (1940), Marshall & Hammond (1944-6), Thomson (1954) 
and Thomson & Zuckerman (1954) and our observations show that normal 
ferrets under these conditions begin to come into heat in the first week of 
March, although isolated instances of earlier oestrus (Thomson, 1954; Thomson 
& Zuckerman, 1954) have been recorded. Ten of the fifteen sympathectomized 
ferrets in the present study had already come into heat by the beginning of 
March. Thus it seems likely that these ferrets did indeed respond to the extra 
light. 

If the above explanation is correct then the absence of onset of heat at the 
normal breeding season in the experiment of Abrams et al. would indicate that 
light plays some role in the induction of the normal breeding season in the 
ferret. Such a view is not held by Thomson (1954), who has found that ‘ blinded’ 
ferrets come into heat at the normal time. Other workers (Marshal, 1936; Bis- 
sonnette, 1938) have found that blindness by bilateral cataract or optic nerve 
section appears to free the hypophysis from photic control so that the onset of 
oestrus may occur at abnormal times of the year. The question whether or not 
the normal sexual cycle is inherent and independent of changes in the length of 
day is undecided. 

The time of onset of oestrus in one stellate ganglionectomized ferret (67) 
was not advanced by prolonged illumination. An explanation for this result 
has not been found. The animal was large, somewhat obese, but in vigorous 
health and differed in no noticeable characteristic from its fellows. 

When planning this study it was thought that the effects of sympathectomy 
on oestrous response might be mediated by the thyroid. From a survey of the 
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literature (see Uotila, 1939; Lowe, Ivy & Brock, 1945) it seems doubtful that 
cervical sympathectomy would cause depression of thyroid function. On the 
other hand, thyroid function might be modified as a result of a disturbance 
arising from operative interference in this region. That such a reduction of 
thyroid activity was not responsible for the results obtained is indicated by the 
observations on four thyroidectomized animals. Three of these ferrets came 
into heat with the controls, although at autopsy only small amounts of thyroid 
tissue existed. Sympathectomy therefore does not affect oestrous response by 
interference with thyroid function. The thyroid weights of the sympath- 
ectomized animals did not differ from the controls. It is not easy to explain the 
behaviour of the fourth thyroidectomized ferret (105) that came into heat 
with the sympathectomized group. Unfortunately the sympathetic chains 
were not dissected in this case so that it remains possible that these were 
damaged during thyroid removal. However, significant eye changes were not 
observed. 

The results of the present investigation thus support the view that sympath- 
ectomy affects the oestrous response to light indirectly, by means of the 
ensuing ocular changes. There is little evidence to indicate the presence of an 
alternative mechanism. This concept may be further tested by exposing 
sympathectomized ferrets to light of increased intensity which should over- 
come the inhibitory effects of the operation. Experiments along this line are 
in progress. 

SUMMARY 

1. Bilateral removal of the superior cervical or stellate ganglia of the 
sympathetic system produced a marked Horner’s syndrome in sixteen female 
ferrets. 

2. Light-induced oestrus in all these ferrets except one occurred after about 
15 weeks of illumination for 16 hr daily. Under the same conditions blank 
operated animals came on heat after 6 weeks’ exposure. 

3. Removal of the thyroid gland did not alter the oestrous response to extra 
light. 

4. Interruption of the cervical or thoracic sympathetic chain did not affect 
mating, pregnancy, parturition or lactation after oestrus had ensued. 

5. It is concluded that sympathectomy delays the oestrous response to 
prolonged illumination through its ocular effects by diminishing the amount of 
light impinging upon the retina. It is possible that in this way a weak light 
source may be rendered totally ineffective. 


We wish to express our sincere appreciation of the generous help and advice of Prof. G. W. 
Harris, in whose department this work was carried out. Our thanks are also extended to 
Messrs H. J. Campbell, W. F. Piper and A. Renner for their skilled assistance. 
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EXPLANATION OF PLATE 


Photograph illustrating Horner’s syndrome in a stellate ganglionectomized ferret (72), on the left. 
Compare with the normal appearance of the eyes in the blank operated animal (90). 
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SOME EFFECTS OF TUBOCURARINE ON THE ELECTRICAL 
ACTIVITY OF THE CAT’S BRAIN 


By W. FELDBERG, J. L. MALCOLM anp 8. L. SHERWOOD 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 1 November 1955) 
Recently Feldberg & Sherwood (1954) have shown that intraventricular injec- 


tions of tubocurarine produce convulsions in the unanaesthetized cat. In the — 


present series of experiments the effect of tubocurarine given by the intra- 
ventricular route was studied with respect to changes in electrical activity of 
the brain in anaesthetized cats. Cortical and subcortical potentials were 
recorded, and the effect of tubocurarine on the response evoked by peripheral 
nerve stimulation was examined. Control experiments were also carried out 
with topical cortical application. 


METHODS 

The cats were anaesthetized with 40 mg/kg pentobarbitone intraperitoneally and supplementary 
doses were given when required. The trachea and left femoral vein were cannulated. The bone over 
the upper aspect of the left cerebral hemisphere was removed and a cannula inserted into the right 
lateral ventricle, as described by Feldberg & Sherwood (1953). The cat was mounted in a stereo- 
taxic instrument. The edges of the scalp incision were tied to a ring so as to form a liquid paraffin 
pool under which the dura was opened and reflected. The cortical surface was kept clear of excess 
cerebrospinal fluid, exudate, and blood by continuous suction through a fine glass capillary placed 
at the bottom of the paraffin pool. Its temperature was maintained throughout the experiment by 
an electrical heating ring which consisted of a resistance wire enclosed in a glass tube which lay 
submerged in the liquid paraffin. 

The right peroneal and posterior tibial nerves were exposed and divided and held on platinum 
electrodes for stimulating in a warm liquid paraffin pool. 

Cortical potentials were recorded between a fine platinum wire (gauge 26) lightly touching the 
surface of the cortex and an indifferent electrode on the scalp. Mid-brain potentials were recorded 
with a deep or focal electrode as described by Brooks & Eccles (1947), from the lateral posterior 
thalamic or supramammillary regions, an indifferent electrode being placed on the scalp. The deep 
or focal electrode consisted of a glass capillary with a diameter of 15-30 y filled with indium, 
whose tip had been pulled out and platinum-plated. Such electrodes were first described by 
Dowben & Rose (1953). It was placed in the desired position with the stereotaxic instrument. For 
localization we relied on the drawings by Jimenez-Castellanos (1949) and on maps of the brain 
supplied to us by Dr R. 8. Snider (Chicago). The potentials were coupled by cathode followers of 
a high input impedence to the amplifier, amplified and displayed on a double-beam oscilloscope 
and recorded on 35 mm film. 
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The drugs were dissolved in Locke’s or Tyrode solution. For the intraventricular injections 
volumes of between 0-2 and 0-3 ml. were used and slowly injected. Care was taken not to raise the 
intraven unduly by the injection; usually the fluid was allowed to run in by gravity. 
Tubocurarine was used as the chloride and t-noradrenaline as the bitartrate, All values refer to 
the salt. 

When tubocurarine was given intravenously, artificial ventilation was used. The completeness of 
neuromuscular block was controlled by stimulation of the lower cut end of the left peroneal nerve. 

To ascertain the position of the tip of the electrode in the mid-brain the head was perfused at the 
end of the experiment with 10% formol-saline from a carotid artery and later embedded in 
paraffin or in celloidin, In some experiments the brain in the region of the tip of the microelectrode 
was coagulated by means of a current passed through the electrode before the formol-saline 
perfusion. Serial sections were cut in the plane of the needle track and stained with either 
haematoxylin and eosin or by van Gieson’s method. 

Assay of tubocurarine in fluid collected from the exposed cortex. The exposed cortex was irrigated 
with 0-3 ml. of Locke’s solution delivered from a fine hypodermic needle under the paraffin pool 
every 10 min; the fluid under the paraffin, consisting now of the Locke’s solution and cerebro- 
spinal fluid, was then aspirated and tested on the eserinized frog rectus muscle preparation. For 
each test the fluid collected (between 0-1 and 0-3 ml.) during two consecutive 10 min periods was 
pooled and tested togetheras follows. The muscle was first made to contract every 5 min by a stan- 
dard dose of ACh kept in the bath for 14 min, and then by a solution containing, in addition, the 
fluid collected from the exposed cortex. When this fluid caused a depression of the ACh contrac- 
tion, the depression was matched against depressions produced by given doses of tubocurarine 
added to the standard dose of ACh. 

Topical application of tubocurarine. Filter-paper disks of a diameter of 3 mm were soaked in 
warm tubocurarine solution and applied to the surface of the cortex. Records were obtained from 
the curarized area either after removal of the disk, or through the disk with the recording electrode 
on top. 


RESULTS 


In cats under pentobarbitone anaesthesia an intraventricular injection of 
tubocurarine results in increased motor activity. After an injection of 15-20 ng 
the effect started within a few minutes with twitching of the ears and tremor 
of the head and neck, and increased during the first hour. There were occasional 
movements of the head and occasional waves of coarse tremor and clonus, 
particularly in the hind legs. During the periods in which these motor effects 
were absent the following tests were made. Flexion of a hind leg, and main- 
taining the flexion by pressure, provoked tremor or clonic contraction of the 
leg or of the whole body, sometimes lasting for up to 20 sec. Tapping of the 
patellar tendon elicited a clonic response and pinching the hind paws resulted 
in a strong withdrawal reflex with crossed extension, followed by tonic or 
clonic extension of both hind legs and sometimes tremor of the whole body. 
Rotation of the neck to one side produced extension of the foreleg of the other 
side. Some of the responses to these tests resemble those seen in decerebrate 
cats. In addition, handling the cat sometimes evoked miaowing and howling. 
There was salivation and micturition. 

With larger doses of tubocurarine the motor effects consisted of intense 
tremor, general twitching, continuous clonic leg movements, and acceleration 
of respiration and pulse rate. For instance, in one deeply anaesthetized cat 
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with no blink reflex and a respiratory rate of 64 and a pulse rate of 48/min, the 
injection of 50 wg of tubocurarine produced a gradual increase of respiratory 
and-pulse rate which began after a few minutes and continued over an hour, 
by which time the respiratory rate had reached 44 and the pulse rate 146/min. 
The blink reflex also appeared a few minutes after the injection and became 
gradually brisker. The motor effects began as generalized shivering which was 
accentuated with the inspiratory movements. There were continuous twitching 
and later clonic contractions of the whole body; the cat remained in this 
condition for more than 2 hr. 

When an injection of 100 yg of noradrenaline was given intraventricularly 
at the height of the tubocurarine effect, the cat at once became limp and the 
previously rather rigid limbs became flaccid. A similar effect of noradrenaline 
has been observed by Felberg & Sherwood (1954) in the unanaesthetized cat. 
The knee jerk could still be elicited but was no longer accentuated, and 
pinching the paws produced only a weak withdrawal response. 


Effects of intraventricular injections of tubocurarine 
on electrical activity of the brain 

Stimulation of the muscle afferents of the peroneal nerve evoked a small 
cortical response in a limited region of the primary sensory area of the pos- 
terior sigmoid gyrus. In Fig. 3 this region is shownasa shaded area. The evoked 
response lasted for about 100 msec or more and varied from experiment to experi- 
ment; in typical cases it consisted usually of a surface positive wave followed 
by a variable surface negative wave and, later, irregular small fluctuations 
(controls in Figs. 1 and 5). The focal electrode recorded a few groups of spikes 
(control in Fig. 5); in some experiments they occurred without stimulation, in 
others they were evoked by the afferent nerve stimulation. Slow potentials 
such as were evoked in the cortex were not recorded by the deep electrode, 
although there were usually small slow waves. 

The intraventricular injection of 15 wg of tubocurarine, which led to increased 
motor activity, produced no consistent changes in the cortical record nor in 
the evoked cortical response: but 200 ug produced pronounced changes after 
a latency which varied in different experiments from a few minutes to over 
half an hour. These changes lasted for 1-2 hr and were obtained whether or not 
muscular activity was apparent, since they also occurred when this activity 
was suppressed by an intravenous injection of 1-2 mg of tubocurarine. 

In the experiment of Fig. 1, the intraventricular injection of 200 pg of tubo- 
curarine affected the evoked cortical response within 1 min, but the maximal 
effect occurred only after 20 min and consisted of an increase in both the 
surface positive and negative waves. The surface positive wave increased 
about twice and the surface negative wave more than ten times; there fre- 
quently followed a large and longer lasting positive wave. 
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When a second stimulus was given at an interval of 200 msec or less after 
the first stimulus to the peripheral nerve, it still evoked the initial surface 
positive response; but the subsequent negative response was greatly reduced 
or absent, as illustrated in the experiment of Fig. 2. 


msec 50 msec 
Fig. Fig. 2 
Fig. 1. Effect of intraventricular injection of 200 »g tubocurarine on the evoked cortical respones 
recorded from the primary sensory area (shaded area in Fig. 3). The two upper records are 
before, the following 1, 11, 16 and 20 min after the injection. Downward deflexion recording 
electrode negative. 


Fig. 2. Cortical response to a stimulus applied to the peroneal nerve after a similar conditioning 
stimulus, (A) Response to test stimulus alone; (B) response to test stimulus 130 msec after 
conditioning stimulus. Downward deflexion recording electrode negative. 

Tubocurarine also greatly increased the area from which the evoked cortical 
response could be recorded. As shown in Fig. 3, after tubocurarine stimulation 
of the peroneal nerve not only produced a response in the whole primary 
sensory area but also in the anterior supra-sylvian, the lateral, and the anterior 


‘sigmoid gyri. However, the latency increased with distance from the primary 


sensory area, as illustrated in the diagram of Fig. 4, in which the latencies are 
given in msec at the various points examined. The increase in latency is also 
evident from the record tracings of column D of Fig. 10. Further, whereas 
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normally there was little overlap of the areas from which evoked responses ’ 
could be obtained by stimulation of different peripheral nerves, for instance : 
the peroneal and posterior tibial, this was no longer so after tubocurarine. é 


Fig. 3. Diagram of cat’s left cerebral cortex (at A). A.S. and P.S. anterior and posterior sigmoid 
gyrus. At B enlargement of area in rectangle of A. Spread of the evoked cortical response 
after intraventricular injection of 200 ng tubocurarine. Shaded area, region from which an 
evoked cortical response to peroneal nerve stimulation occurred before tubocurarine. The 
responses shown were from the points at which each record begins. Downward deflexion re- 
cording electrode negative. Inset record obtdined without stimulation. 


Fig. 4. Diagram of posterior sigmoid gyrus. The numbers give in msec, at their respective 
positions, the interval between stimulus and start of surface negative wave of the evoked 
cortical response after an intraventricular injection of 250 ug of tubocurarine. The arrows 
indicate a possible direction of spread. ) 


The injection of tubocurarine also led to the appearance of ‘spontaneous’ 
cortical activity, i.e. unconnected with peripheral stimulation. The waves of 
this ‘spontaneous’ activity were often similar in pattern to the evoked 
responses. A typical effect is illustrated in Fig. 5. Usually the ‘spontaneous’ 
activity was not continuous, but there were times of varying length during =} 
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which the cortex was relatively quiescent. A period of activity was often set 
off by peripheral nerve stimulation. The full evoked response could not be 
obtained if stimulation fell within a period of ‘ spontaneous’ activity. 

On the focal record the intraventricular injection of 15 yg of tubocurarine 
caused an increase in spike activity, but since such an increase occurred also 
on intraventricular injection of warm Locke’s solution we cannot be certain to 
what extent this increase was due to the tubocurarine. The injection of 200 yg 
of tubocurarine, however, produced definite changes in the records from the 
subcortical structures, These effects again were independent of the muscular 
contractions since they also occurred when these were abolished by intra- 
venous injections of tubocurarine. 


50 msec 

Fig. 5. Effect of intraventricular injection of 200 ug of tubocurarine on cortical response from 
primary sensory area (upper records) and on focal response from the nucleus ventralis pars 
postero-lateralis of the thalamus (lower records). (A) control; (B) and (C) about 2 hr after 
tubocurarine injection. (B) ‘spontaneous activity’, and (C) response evoked by stimulation 
of peroneal nerve. Downward deflexion recording electrode negative. 


When records were taken from the centrum medianum, 200 yg of tubo- 
curarine did not lead to an evoked response, but there were periods of increased 
activity, particularly in response to stimulation. When records were taken 
from the supramammillary or the lateral posterior thalamic region strong 
evoked responses could be obtained after 200 yg of tubocurarine. The response 
consisted of several waves and varied in amplitude and duration. In the same 
experiment the complex of the response was relatively constant, but it varied 
in different experiments. A typical experiment is illustrated in Fig. 5. The 
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response consisted regularly of three slow waves and was preceded by a group 
of small spikes. 

In addition to these evoked responses there were periods of ‘spontaneous’ 
activity consisting of a group of slow waves often, but not always, showing 
a pattern similar to the evoked response. Such a group of ‘spontaneous’ 
activity was usually associated with the typical ‘spontaneous’ cortical activity, 
and is illustrated in Fig. 5B. In this experiment the activity in the focal record 
preceded the cortical activity; in other experiments the cortical activity 
preceded that of the focal record, possibly es on the precise site of 
the deep electrode. 

None of the changes in electrical activity seen after the intraventricular 
injections of tubocurarine could be reproduced by intravenous injections of 
this drug in doses which produced complete neuromuscular block. 


Assay for tubocurarine of cerebrospinal fluid collected from the exposed cortex 

The finding that an intraventricular injection of tubocurarine was followed 
by pronounced changes in electrical activity of the cortex raised the possibility 
that the tubocurarine was carried to the exposed cortex and acted there: 
particularly since preliminary experiments showed that after an intraventri- 
cular injection of a solution of indigocarmine this dye appeared after a few 
minutes on the exposed cortex, first in the posterolateral sulci and later 
spreading to cover the greater part of the surface. 

Cerebrospinal fluid collected from the exposed cortex was therefore assayed 
for tubocurarine by its effect in reducing the ACh contractions of the frog’s 
rectus muscle. Such an assay has to take into account the fact, first observed 
for cerebrospinal fluid of man (Feldberg & Sherwood, unpublished experiments), 
that this fluid, although ineffective by itself, increases the sensitivity of the 
muscle to ACh when added to the bath in which the rectus muscle is suspended. 
This sensitizing effect, however, does not invalidate the assay provided 
cerebrospinal fluid is added to the control solutions of tubocurarine. 

Fig. 6 illustrates the effects of cerebrospinal fluid collected from the exposed 
cortex before and after an intravenous and an intraventricular injection of 
tubocurarine into the cat, and shows that after an intraventricular injection of 
300 ng small amounts of tubocurarine are carried to the exposed cortex. 

The sensitizing effect of cerebrospinal fluid collected before any tubocurarine 
was injected is shown at (81) and illustrates its typical delayed development 
and disappearance. The first two records are contractions produced by 0°3 yg 
ACh alone, the third by 0-3 wg ACh together with the fluid collected during 
20 min from the exposed cortex, the subsequent six contractions again by 
0°3 ug ACh added without cerebrospinal fluid. Some increase is shown in the 
contraction produced by ACh given with the cerebrospinal fluid, but the main 
increase occurs with the next two contractions to ACh. The subsequent 
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four contractions show that the sensitivity of the muscle to ACh returns to 
its previous level. The sample of cerebrospinal fluid collected after the in- 
travenous injection contained no detectable amounts of tubocurarine, as 
shown by the fact that when it was added to the ACh solution an increased 
contraction resulted. A further increase was obtained with the subsequent 
two contractions caused by ACh alone. The sensitizing effect is smaller than on 
the previous application of cerebrospinal fluid. This is due not to the fact that 
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Fig. 6. Contractions of the eserinized frog rectus muscle suspended in 5 ml. bath to 0-3 »g ACh. 
The contractions 81 to 87 are by 0-3 zg ACh, together with fluid collected during successive 
20 min periods from the exposed cortex. 81 before, 82 after intravenous injection of 1-4 mg 
of tubocurarine, 83 to 87 after intraventricular injection of 300 »g of tubocurarine into 
a 2-3 kg cat. Between successive blocks several control contractions of 0-3 ug ACh omitted 
from the figure. 


the tubocurarine was injected intravenously but to the diminution of the 
sensitizing effect which occurs regularly with repeated addition of cerebro- 
spinal fluid. Tubocurarine, however, can be detected in the cerebrospinal fluid 
collected from the cortex after an intraventricular injection of 300 ug. The 
greatest amounts are present in the samples collected during the first or second 
20 min period. In the experiment of Fig. 6, the greatest amount of tubo- 
curarine was present in the sample collected during the first 20 min, there was 
less in the subsequent two 20 min samples, and none in the following samples. 
This muscle was particularly sensitive to tubocurarine when tested at the end 
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of the experiment and showed a depression of the contraction to ACh in the 
presence of only 0-3 »g tubocurarine; but the actual amounts of tubocurarine 
present in the samples of cerebrospinal fluid were not assayed in this experi- 
ment. This, however, was done in other similar experiments, when it was 
found that the maximal amounts of tubocurarine present in the fluid collected 
from the cortex during a 20 min period after injection of 300 wg tubocurarine 
varied between 2 and 4 wg. Such an assay is shown in Fig. 7. In this experi- 
ment also there is no evidence for the presence of tubocurarine in the cere- 
brospinal fluid collected after an intravenous injection of tubocurarine (S 1). 


Fig. 7. Contractions of the eserinized frog rectus muscle suspended in 5 ml. bath to 0-5 ug ACh. 
The contractions 81 to 85 are by 0-5 ug ACh, together with the fluid collected during 
successive 20 min periods from the exposed cortex. 8 1 after intravenous injection of 1-5 mg, 
S 2 to 8 5 after intraventricular injection of 300 ug of tubocurarine into a 2-3 kg cat. The 
second contractions in the third and fourth blocks are by 0-5 ug acetylcholine, together with 
2 and 4g tubocurarine (d.t.c.) respectively. Between successive blocks several control 
contractions of 0-5 ug acetylcholine omitted from the figure. 

The first and the second 20 min samples collected after the intraventricular 
injection of tubocurarine, however, caused a depression which was more 
pronounced than that produced by 2 yg and less pronounced than that 
produced by 4 yg tubocurarine. The third 20 min sample collected after the 
intraventricular injection produced only a slight depression, and the fourth 
sample no longer produced any depression. 


Effect of topically applied tubocurarine on the electrical activity of the cortex 

The appearance on the surface of the cortex of detectable amounts of tubo- 
curarine after an intraventricular injection of 300 ug raised the question of 
a local cortical action of tubocurarine following its intraventricular admini- 
stration; particularly since Chang (1953) found that topical application of 
tubocurarine to the cortex greatly increased the response evoked by cortical 
stimulation. Filter-paper disks soaked with tubocurarine solution were there- 
fore placed on the cortex over the area from which the evoked cortical response 
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was recorded. When they were removed 5-10 min later a pronounced change 
in the response was noted. The threshold concentrations necessary to produce 
the effect varied between 10 and 20 ug/ml. and the effect increased with 
increasing concentration. Fig. 8 illustrates a typical experiment in which 
a solution of 20 pg/ml. produced a definite increase in the sharpness, and 
a shortening of the surface negative wave: but a solution of 40 ug/ml. was 
required to produce an increase in the size of the response, particularly of the 
surface negative wave. It increased so much in the following 3 min that the 
gain had to be reduced by 30%. When the cortex was then washed several 


10 msec 


Fig. 8. Effect of topical cortical application of tubocurarine by paper disks on the evoked cortical 


response in the primary sensory area. (1) Control; (2) after 5 min application of a disk 
soaked in 20 ug/ml.; (3), (4) and (5) after 7 min application of a disk soaked in 40 ug/ml. 
tubocurarine; (6) and (7) about 50 min later, after washing the cortex; (7) recorded through 
a filter-paper disk soaked in Locke’s solution ; (8) recorded through a disk soaked in 10 pg/ml. 
tubocurarine. Downward deflexion recording electrode negative. 


times with Locke’s solution the effect gradually diminished, but 50 min after 
the removal of the tubocurarine some of the effect was still present. The later 
positive wave, which had also been greatly increased by the tubocurarine, had 
not yet returned to normal. 

Instead of recording after removal of the filter paper disk, records 7 and 8 
were obtained with a disk left in position on the cortex, the electrode being 
placed on the filter-paper. The disk used in record 7 was soaked in Locke’s 
solution, that used in record 8 in a solution containing 10 g/ml. tubocurarine. 
A comparison of records 6 and 7 shows that there was some attenuation, but 
hardly ‘any distortion when recording through a filter-paper disk soaked in 


Locke’s solution. This was regularly observed. Record 8, which was taken 
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through the disk soaked in 10 pg/ml. tubocurarine, shows that this solution 
produced a greater effect than 20 ug/ml. applied to the cortex at the beginning 
of the experiment. This increase in sensitivity to tubocurarine may have been 
due to the previous treatment; it was not due to the change in the method of 
recording. 


Post-sigmoid gyrus 


Fig. 9. Evoked cortical responses before (column A) and after (column B) topical application by 
filter-paper disk of 100 ng/ml. tubocurarine. The numbers beside the columns designate the 
point in the accompanying diagram from which the records were obtained. The dotted circle 
in the diagram indicates the area covered by the disk, and the broken line the area from which 
evoked responses could consistently be obtained. A.S. and P.S., anterior and posterior 
sigmoid gyrus. Downward deflexion recording electrode negative. (For details see text.) 


The tubocurarine effect obtained by topical application was limited to that 
area of the cortex from which the evoked response could originally be recorded. 
This is illustrated by the experiment of Fig. 9. Column A shows records from 
various points on the posterior sigmoid gyrus, indicating the limits of the area 
in the response. In the diagram this area is enclosed by the broken line. The 
right-hand column shows the effect of a solution of 100 zg/ml. tubocurarine 
applied by a filter-paper disk covering the area enclosed by the dotted line in 
the diagram. The tubocurarine effect does not spread to the points 8, 16, 17 and 
19, which lie beyond the original limits of the responsive area. 

When tubocurarine was applied to an area outside the original limits of 
responsiveness it had no effect. This is illustrated by the four last records, 
m,n”, o and p, of Fig. 9. Records m and n are taken from point 20 in the 
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diagram, m without and m through a filter-paper disk soaked in Locke’s 
solution. Record o is from this area through a disk soaked in a solution of 
100 »g/ml. tubocurarine and kept on the cortex for 15 min. Record p is from 
the same area immediately after removal of the filter-paper disk. 

The strict localization of the tubocurarine effect on the evoked cortical 
response with topical application to the cortex contrasts strikingly with the 
spread of the evoked cortical response after an intraventricular injection of 
tubocurarine, as illustrated in the experiment of Fig. 10, in which the tubo- 
curarine was first applied to the cortex and later given intraventricularly. 


20msec PS. 


Fig. 10. Evoked cortical responses (A) before, (B) after topical application by filter-paper disk of 
100 »g/ml. tubocurarine, (C) and (D) after intraventricular injection of 300 ug tubocurarine. 
The numbers on the left of the records correspond to the numbers in the accompanying 
diagram, indicating the points from which they were obtained. A.S, and P.S. anterior and 
posterior sigmoid gyrus. Dotted circle and broken line as in Fig. 9. Downward stroke 
recording electrode negative. (For details see text.) 


A comparison of the records in columns A and B shows that in this experiment 
the effect of cortical application of a filter-paper disk soaked in a solution of 
100 g/ml. tubocurarine remained even more localized than in the experiment 
of Fig. 9. After the filter-paper disk was removed the whole exposed cortex 
was covered with a solution of 100 ug/ml. tubocurarine by introducing several 
ml. of this solution under the paraffin pool for 10 min. Even this flooding of 
the cortex with tubocurarine solution did not produce further changes nor any 
spread of the evoked cortical response, as shown by the records taken after the 
tubocurarine had been removed. On the other hand, when 300 pg tubocurarine 
was subsequently injected intraventricularly the surface negative wave of 
the evoked response increased in duration and could be recorded from areas 
previously not reached by the afferent nerve impulse. This is shown in 
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column C of Fig. 10. Whereas after topical application of tubocurarine the 
surface negative wave of the evoked response was increased in size but not in 
duration, after intraventricular application the duration of the surface nega- 
tive wave also increased about two to three times. Further, an evoked 
response was recorded from areas far outside the original limit of the area of 
responsiveness, as illustrated by the two records of column D. These records 
also illustrate the later appearance of the evoked response as the distance from 
the originally responsive area increases. 


DISCUSSION 


Convulsive muscular activity as a result of intraventricular injections of tubo- 
curarine has been observed in unanaesthetized and anaesthetized cats. In 
unanaesthetized cats this effect could be obtained with 5-30 ug (Feldberg & 
Sherwood, 1954). In anaesthetized cats such convulsions had hitherto been 
shown to occur only on cisternal or intraventricular injection of larger doses. 
Von Euler & Wahlund (1941) injected 0-1-0-3 ml. of a 0-2 % solution of curare 
chloride, and Salama & Wright (1950) 0-4 mg of tubocurarine in cats under 
chloralose anaesthesia. The experiments presented here show that cats under 
nembutal anaesthesia are highly sensitive to tubocurarine when given by the 
intraventricular route, since muscular contractions were regularly obtained 
with 15 wg. As in the unanaesthetized cat, these contractions were abolished 
by intraventricular administration of noradrenaline. 

So far we have not been able to locate a primary site of action of intra- 
ventricularly injected tubocurarine in causing the muscular contractions. 
After doses sufficient to produce these contractions, regular changes in 
electrical activity were not recorded from either the supramammillary or the 
posterior thalamic region. The cortical response evoked by stimulation of the 
peroneal nerve was also not significantly altered by doses of tubocurarine 
sufficient to produce muscular contraction. Our experiments thus do not 
demonstrate that these doses of tubocurarine act on the pathway of the 


muscle afferents to the cortex. Johnson (1955) recently found that the pro- 


longed high-voltage paroxysm induced by small amounts of intravenous 
strychnine occurred in the reticular substance but not in the nucleus ventralis 
lateralis of the thalamus. It is possible that tubocurarine acts at the same site 
as strychnine. 

The most striking changes in the electrical activity of the brain produced by 
the larger doses of tubocurarine consisted of a large increase in the evoked 
cortical response, particularly in the surface negative wave, and the appearance 
of large evoked responses in the posterior thalamic and supramammillary 
regions. Further, the evoked response spread to areas outside the original 
limit of responsiveness. In addition, there were periods of increased electrical 
activity at both sites without afferent nerve stimulation. This increased 
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activity showed a pattern often resembling that of the evoked responses. 
These changes were not caused by the muscular contractions, as they occurred 
also when these were abolished or prevented by an intravenous injection of 
tubocurarine. 

It had to be decided whether these electrical changes in the cortex were 
brought about by tubocurarine reaching the cortex and then acting locally, 
particularly since it was found that the fluid collected from the exposed cortex 
after intraventricular injection of larger doses contained tubocurarine. The 
results obtained with topical application to the cortex of a solution in an 
apparently comparable concentration produced changes which, although they 
had some features in common with the effects of intraventricular injection, 
differed in three important respects from the response following intraventricular 
injection: (1) The surface negative component of the evoked cortical response 
increased greatly in size but not in duration; (2) no expansion was found of the 
area from which an evoked response could be obtained; and (3) topical applica- 
tion caused no periods of ‘spontaneous’ activity. Therefore, after an intra- 
ventricular injection an action of tubocurarine on subcortical structures must 
be assumed to account for the cortical responses, even though the possibility 
of a local contributing action on the cortex cannot be excluded, especially 
since the changes after the intraventricular injection occurred usually only 
after a delay of a few minutes to over half an hour. 

The finding that an intraventricular injection of tubocurarine so greatly 
increases the evoked cortical response, especially the surface negative phase, 
suggests that the number of surface elements, cells, or their processes which 
are activated by an afferent volley is increased. Further, the fact that with 
two consecutive stimuli, appropriately spaced, only a surface positive response 
is elicited by the second stimulus indicates that the surface negative response 
must involve elements, such as dendrites and small neurones, with a relatively 
long recovery cycle. Finally, the finding that after tubocurarine a large evoked 
response is elicited in the supramammillary and thalamic regions as well, 
suggests that the increase in the cortical response depends upon subcortical 
structures. The large waves evoked on the focal record after tubocurarine 
again suggest that here also slow conducting elements such as the dendrites 
and small neurones are activated. The fact that they are recorded from sub- 
cortical regions with microelectrodes, i.e. under conditions where relatively 
few units can contribute to the record, is in accord with this concept. 

The finding that the evoked response arrives in the originally responsive 
area earlier than in the area in which responses appear only after an intra- 
ventricular injection of tubocurarine, suggests multisynaptic relay systems, for 
instance transcortical transmission conditioned by subcortical-cortical activity. 

The evoked cortical and focal responses, and the ‘spontaneous ” activity 
seen in both records after tubocurarine may well have part of a pathway in 
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common: or it may even be that the actuating mechanism which synchronizes 
the ‘spontaneous’ activity is also brought into action by the evoked responses, 
not only because of the similar pattern of the electrical waves but also because 
the ‘spontaneous’ activity occludes the evoked responses. 

We do not know how the changes recorded in these regions are produced by 
tubocurarine. The finding that large areas are involved in the excitatory 
changes does not mean that tubocurarine is a general excitant to all central 
neurones. When given intraventricularly it probably has a selective action on 
nerve cells near the ventricular lining, and the fact that the changes spread 
over wide areas of the cortex with varying latencies signifies only that some 
focus is probably acting as a powerful ‘pace maker’. We know that repeated 
strong stimuli will recruit an increasing number of neurones, gradually 
activating larger areas of the cortex (Dempsey & Morison, 1942; Starzl & 
Magoun, 1951; Verzeano, Lindsley & Magoun, 1953). Chang (1953) found that 
topical application to the cortex of tubocurarine in the absence of afferent 
stimuli caused a long lasting, repetitive discharge of cortical units. Such an 
effect of tubocurarine, when given by the intraventricular route, could account 
for the general excitation of the cortex. The fact that the injections of tubo- 
curarine increase also the activity in subcortical regions suggest that it greatly 
increases the excitability of many brain stem neurones as well, and that many 
more neurones respond to afferent volleys. 


SUMMARY 


The effects of intraventricular and topical cortical application of tubocurarine 
were examined in cats anaesthetized with pentobarbitone, and records of 
electrical activity were taken from the cortex and from the lateral posterior 
thalamic and supramammillary regions. Evoked cortical responses in the 
primary sensory area were elicited by stimulation of the peroneal nerve. 

1. The intraventricular injection of 15 ug of tubocurarine was sufficient to 
produce increased motor activity which consisted of clonic contractions, 
waves of tremor and an increase of muscle tone-producing rigidity. These 
muscular effects were abolished by an intraventricular injection of 100 yg of 
noradrenaline, whereupon the cat at once became limp. 

2. The intraventricular injection of 15 zg of tubocurarine produced incon- 
stant changes in the cortical record, in the evoked cortical response, and in the 
activity in the subcortical regions from which records were taken. A primary 
site of the central action of tubocurarine in producing muscular contractions 
has thus not been located. 

3. The main changes in electrical activity recorded after an intraventricular 
injection of 200 ug of tubocurarine consisted in (a) a large increase in the 
evoked cortical response especially of its surface negative component; 
(6) a spread of the evoked cortical response to areas previously not reached 
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by the afferent nerve volley; (c) the appearance of large, evoked responses in 
the lateral posterior thalamic and supramammillary regions; (d) the appear- 
ance in the cortex and in the lateral posterior thalamic and supramammillary 
regions of ‘spontaneous’ waves, often of a pattern resembling those of the 
evoked response. 

4. The electrical changes elicited by intraventricular injection of these 
larger doses of tubocurarine in the cortex and in the subcortical regions still 
occurred when the muscular contractions produced by the injection were 
prevented or abolished by intravenous tubocurarine. 

5. After an intraventricular injection of 300 wg of tubocurarine some of it 
reaches the exposed cerebral cortex. 

6. Filter-paper disks soaked in tubocurarine solutions (10-100 yg/ml.), 
applied to the primary sensory area of the cortex, produced an increase in the 
evoked response, particularly its surface negative component. 

7. The effect of topical cortical application of tubocurarine, whether applied 
locally on a filter-paper disk, or by flooding the cortex with tubocurarine, 
differed from the effect seen after its intraventricular injection in that the 
surface negative wave of the evoked cortical response increased in size but not 
in duration, and the response remained strictly localized in the originally 
responsive area. Topical application also did not cause periods of ‘spontaneous’ 
activity. Therefore an action on subcortical structures is assumed to account 
for the cortical responses seen after intraventricular injection of tubocurarine, 
though the possibility of a local contributory action on the cortex is not 
excluded. 
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DIVISION OF THE COMMON MAMMALS INTO TWO GROUPS 
ACCORDING TO THE CONCENTRATION OF FRUCTOSE 
IN THE BLOOD OF THE FOETUS 


By R. F. W. GOODWIN 
From the Department of Veterinary Clinical Studies, 
Madingley Road, Cambridge 


(Received 1 November 1955) 


The presence of fructose in the fluids of the foetus, described by Needham 
(1931) as ‘the most enigmatic aspect of embryonic carbohydrate metabolism’, 
has posed many problems, and stimulated in recent years several experimental 
studies that have sought to explain the means whereby fructose reaches the 
foetal circulation and the role that this hexose plays in foetal life. 

Bacon & Bell having established (1946, 1948) that the Seliwanoff-positive 
material in the blood of the foetal sheep was very largely free p-fructose, 
Huggett and his associates working with the same species have made a pro- 
longed study of the pathways that maintain the fructose content of foetal 

blood (Huggett, Warren & Warren, 1951; Widdas, 1952; Alexander, Andrews, 
Huggett, Nixon & Widdas, 1955; Alexander, Huggett, Nixon & Widdas, 1955). 
Hitchcock (1949) and Karvonen (19492) also worked mainly with the pregnant 
ewe, so that apart from one study using pregnant guinea-pigs (Karvonen & 
Raiha, 1954) and another using monkeys (Chinard, Danesino, Huggett, Paul & 
Reynolds, 1955) most experimental work has been on the sheep. This concen- 
trated study of one species, while yielding much new information on the 
transfer of hexoses across the placenta of the ruminant, has not, however, 
revealed the function of fructose during gestation. 

To investigate this last question specifically, a study with a fresh approach 
—that of the comparative physiology of the whole animal—was undertaken 
in Cambridge in 1950. By this means a comprehensive explanation has been 
offered for the presence of fructose in the foetus and, by analogy, a reason 
suggested for the use of hexoses other than glucose in seminal fluid and milk 
(Goodwin, 1954). This concept postulates first that some species of mammals 
with a relatively low maternal blood glucose concentration cannot supply their 
foetuses with a sufficient concentration of blood sugar without the intervention 
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of the fructose mechanism, and it thus confirms the hypothesis advanced 
tentatively by Winterton in 1949. | 

Alexander, Huggett, Nixon & Widdas (1955) have discussed their recent 
findings on the placental transfer of sugars in the sheep in the light of the work 
of Goodwin (1954), and it appears that these two widely differing experimental 
approaches to the fructose problem have yielded results that harmonize 
satisfactorily. 

The first stage in the comparative approach was to establish whether a dis- 
tribution pattern for foetal fructose occurred among the more readily available 
mammals, as the existing literature presented only a confused answer to this 
question. This confusion had arisen partly from the misreading of early litera- 
ture, but mainly from a failure to appreciate that fructose does not occur at 
a similar concentration in the foetuses of different species. 

The first report of fructose in the foetus appears to be that of Bernard (1855), 
who did not define clearly the fluid analysed. Consequently some writers 
believed that he had been working with human (Needham, 1931) or canine 
(Itizy6, 1934) material, but as he had just referred to a diagram of the foetal 
calf and also spoken of allantoic fluid it is almost certain that he had examined 
bovine samples. Giirber & Griinbaum (1904) found fructose in both the amni- 
otic and allantoic fluids of the cow, pig and goat, and produced the methyl- 
phenylosazone ‘in several cases’. Some authors have attributed to Giirber & 
Griinbaum the demonstration of fructose in other species (the horse and sheep). 
Paton, Watson & Kerr (1907) claimed that the amniotic and allantoic fluids of 
the sheep and cow contained fructose, but they also discussed other species in 
a way that is difficult to follow. There can be little doubt that these authors 
believed that their findings for the sheep and cow applied to the foetus 
generally and thus, in addition to allowing several different interpretations of 
their results (Orr, 1924; Needham, 1931; Bacon & Bell, 1948; Barklay, Haas, 
Huggett, King & Rowley, 1949; Huggett & Hammond, 1952), they engendered 
an assumption that fructose was a universal feature of foetal life. This 
assumption has been re-stated by Yamada (1933a), Itizyé (1934), Okamura 
(1938) and others. Orr (1924) believed that both human blood at birth and 
blood from a kid shortly after birth contained appreciable quantities of fruc- 
tose. Takata (1922) and Suzuki (1925) found fructose to be the only sugar in 
the foetal fluid from a Sei Whale and a Sperm Whale respectively. Yamada 
(19336) found small amounts of fructose in the mixed embryonic fluids of the 
incubated hen’s egg, but once again it was not appreciated that the earliest. 
reports such as those of Giirber & Griinbaum were concerned with fructose in 
high concentration and not with the trace amounts then being described. 
There was thus a tendency to seek fructose even at very low concentrations in 
foetal structures, and in this manner Itizyé (1934) and Masuko (1940) added 


their support to the contention that human foetal fluid contained fructose. 
10-2 
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With the advent of experimental work on the sheep foetus, the foetal blood 
was examined by several workers (Cole & Hitchcock, 1946; Hitchcock, 1949; 
Karvonen, 19494; Barklay et al. 1949; Huggett et al. 1951) and, using quanti- 
tative Seliwanoff reactions, average values for fructose concentration of about 
70-100 mg/100 ml. were reported. Karvonen (19495), however, examined 
human cord blood taken at delivery in the same way and, finding fructose 
concentrations of 1 mg/100 ml. or less, concluded that by comparison with the 
sheep, fructose could be taken as absent. This was a change of outlook from 
that which had accepted positive fructose results from almost all samples 
and, by separating the two mammals (man and sheep) according to the con- 
centration of fructose, the problem was given perspective and the way 
prepared for the work described here. Huggett (1950) confirmed the finding 
of Karvonen. 

This paper provides a more detailed and, by including findings for the foetal 
whale, slightly enlarged account of the work that was published in summarized 
form in 1952. 


MATERIALS AND METHODS 


The origin of the biological samples in the various species is given with the results. In general, 
foetal blood was examined rather than the foetal fluids usually selected by previous workers, 
although a few figures for the fructose content of foetal fluids are quoted. Blood analyses were 
preferred because they allow a more justifiable comparison between species. Furthermore, little 
is known of the metabolic functions of the foetal fluids, whereas much is known of the behaviour 
of sugar in adult blood. Obtaining fresh blood samtples from foetuses is difficult in the larger 
mammals and, consequently, many such samples were obtained at birth. They were thus 
not strictly foetal in origin but were probably more physiological, being taken from the living 
animal. 

Blood and other samples were usually collected over potassium oxalate and deproteinized at 
once with sodium hydroxide and zinc sulphate. Later, however, barium was substituted for 
sodium and the samples were collected over dried heparin. Thus a few of the pig samples, together 
with the samples for the third rabbit and the ferret, were handled in this second manner. The foal 
samples were also deproteinized by the barium method but the anticoagulant was usually sodium 
fluoride, a fact that is discussed in the results. 

Fructose was estimated colorimetrically, with a modification of the Seliwanoff reaction in which 
glycerol acted as solvent and allowed the reaction to proceed in a boiling water-bath, and copper 
sulphate provided the catalyst (Goodwin, 1954). Unknown sugar solutions were boiled with the 
reagents for 12 min and water blanks (two) with the same reagents were always included. The 
orange-red colour that developed was read with an Ilford 601 Filter in a Spekker Photo-electric 
Absorptiometer (H. 560). But for the estimations made with samples from the foetal sheep, 
standard solutions of fructose were included with every series of unknowns. The method has been 
tested repeatedly and has a standard deviation of about 1 mg/100 ml. on twenty or so similar 
fructose standards made up at a concentration comparable to that found in filtrates from foetal 
(ungulate) blood and estimated together. Glucose standards were included periodically when 
estimating fructose, and solutions equivalent to 150 mg/100 ml. of blood glucose registered fruc- 
tose colour equivalent to an average concentration of 1-5 mg/100 ml. of blood fructose. 

Total reducing substances were estimated with the Somogyi (1945) reagent but with a slightly 
modified procedure (Goodwin, 1954). Fructose gave an average reduction of 92% compared with 
glucose, and this factor was used in the calculations arising from the estimation of fructose and 
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glucose in on lution. The method, tested repeatedly, had astandard deviation ofab t 1 mg/100ml. 
on twenty similar standard solutions estimated together. 

Basic standards (both fructose and glucose) were made up as 5% solutions of sugar (Kerfoot) by 
weight in saturated benzoic acid and then checked by polarimetry (4dm tubes). They were 
re-checked after constant use and showed a maximum concentration change for fructose and 
glucose of less than 1 and less than 2% respectively. These strong solutions were diluted until 
equivalent to blood filtrates on the day the unknowns were estimated. 

In correcting for the influence of each hexose upon the other, the Seliwanoff colour registered by 
glucose was allowed for only when the total Seliwanoff colour was very weak, while the unequal 
reduction of fructose and glucose was taken into account only when fructose was present in high 
concentration. Thus no correction was made for the presence of glucose in ungulate blood or for 
the presence of fructose in non-ungulate blood. 

The Seliwanoff reaction is not specific for fructose but any specific method is both laborious 
and only roughly quantitative. However, now that it is known that the Seliwanoff-positive 
material in the blood of the foetal sheep is mainly D-fructose, a strong Seliwanoff colour in other 
species has been taken as similarly representing fructose. 

The reducing material in blood and other filtrates, in excess of the equivalent reduction for 
the fructose concentration, has been recorded as glucose. This is probably a less justifiable pro- 
cedure, a8 Bacon & Bell (1948) had indications that non-fermentable reducing material existed 
in the sodium hydroxide/cadmium sulphate filtrates of foetal blood from the sheep. Their work 
was not conclusive and would not be applicable to blood samples deproteinized by other means, or 
to reagents other than the ferricyanide reagent used by them, but their findings must be borne in 
mind. The main concern of these analyses, however, was to estimate the concentration of fructose, 
and minor inaccuracies in the estimation of glucose have no bearing upon the main conclusions. 


RESULTS 


Ungulates 
Samples from the horse, pig, sheep, ox and goat have been analysed for their 
fructose content. The findings in the sheep accorded with those recently 
reported by others and they are not, therefore, detailed here. The results for 
the remaining species are summarized in Table 1. The foal samples were of cord 
blood from twenty-one thoroughbred mares. It is now known that the con- 
centration of anticoagulant (sodium fluoride) was insufficient to arrest glyco- 
lysis completely during the delay between collecting and deproteinizing the 
blood and, therefore, the actual fructose concentration at birth was often a few 
mg/100 ml. higher than shown by the analyses. In the pig, cord blood samples 
were taken from sixty-six newborn animals, but in only sixty-one of these was 
glucose estimated also. These pigs were born during thirteen farrowings and 


Tasx 1. Concentration of sugar in the blood of newborn ungulates 


Sugar in mg/100 ml. 
Fructose eg Glucose 
Species Mean Range - "Mean Range 
50 (1 
Horse Th 57-160 (21) 60 33— 84 (21) 
Pig 49 23-110 (66) 65 32-188 (61) 


Figures in parentheses denote the number of young sampled. 


um 

ich 
per 
the 
The 
tric 

pen 
vilar | 
etal | 
| 
ruc- 
| 
with 4 

| 


150 R. F. W. GOODWIN 


were out of eleven different sows. Although only one sample (venous blood) 
has been analysed from a calf at birth, several calves have been bled shortly 
after birth and fructose in appreciable concentration was present in all. For 
the goat, mixed tail blood was taken from a kid that could have been up to 3 hr 
old when bled, but was probably rather less. The fructose content would 
almost certainly have been higher in an earlier sample. 


The whale 
Whereas all the foetuses of ungulates so far examined contain both fructose 
and glucose in their blood, the foetal fluid of the whale has been reported on 
two occasions to contain only fructose. This anomaly, therefore, required 
further investigation. 


Tasie 2. Concentration of sugar in the foetal blood of whales 


Time 
between Foetus 
cow and —-_ Sugar in mg/100 ml. 
Species foetus Sex ft.) Remarks Fructose Glucose 
Fin 6 M. 9 Killed with electric har- 113 24-5 
poon. Blood from 
abdom. vein 
Fin About 8 M. 14 _— Blood from heart region 98 27 
Humpback ll M. 44 Blood from jugular vein 72 30 
F. 10  ~=Blood from region 228 60 


Blood samples were taken from four foetuses representing three species of 
whales (Fin: Balaenoptera physalus, Humpback: Megaptera nodosa and Blue: 
Balaenoptera musculus). Details of the foetuses and the manner in which the 
samples were taken are given in Table 2, together with the analytical results. 
At least three parallel blood samples were taken from each foetus and some of 
these were examined in duplicate, so that in most cases the figures quoted are 
the mean values for several estimations. The samples were deproteinized at 
once in the Antarctic and the filtrates frozen. They were not liquefied again 
until just before the analyses were performed. 

It is apparent that fructose is present in high concentration in the foetal 
blood of the whale but, in addition, there is a reducing substance at a lower 
concentration. This has not been showfi to be glucose but can be accepted as 
such on comparative grounds: it is at the concentration that might be expected 
with such samples, and shows an increased concentration in one foetus when 
the value for fructose was also particularly high. 


Non-ungulates 
Analyses for sugar have been made on samples from the cat, dog, ferret, 
guinea-pig, rabbit and rat. In the cat and the dog, samples were taken from 
newborn animals by decapitating them at birth after wiping them dry. In the 
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ferret, guinea-pig, rabbit and rat, laporotomy was performed and the foetuses 
bled in the same manner after being removed from the uterus as rapidly as 
possible. To obtain enough blood for a satisfactory analysis, it was necessary to 
mix the samples from several foetuses in the ferret and to pool the blood from 
all eight foetuses in the rat. The first two pregnant rabbits were anaesthetized 
with pentobarbitone (Nembutal). The guinea-pigs were anaesthetized with 
ether, and as the maternal samples were not taken until all the foetuses had 
been sampled they show maternal hyperglycaemia. The third rabbit, the 


ferret and the rat were stunned. | 
TaBLE 3. Concentration of sugar in the blood of newborn puppies apd kittens q 
and in the blood of foetal ferrets : 
Sugar in mg/100 ml. 7 
Species (birth order) Fructose Glucose ‘ 
Dog 0-7 (2) 68 
0-7 (4) 97 (2) 
. 0-3 (6) 81 (3) 
4 2-8 74 
Cat (no. 1) 2 1-3 (2) 72 : 
3 2-3 (2) 110 (2) 
4 0-7 (2) 75 (2) q 
Cat (no. 2) 2 0 (3): 66 4 
(mixed blood) | 

8 to 10 3-2 85 

(mixed blood) 
2-1 (2)* 105 (2)* 


Figures in parentheses denote the number of parallel analyses. 
* Mixed maternal blood. 


When analysing the samples from the dog, cat, guinea-pig and the first two 
rabbits, correction for the presence of glucose was made after noting the 
fructose colour produced by glucose standards estimated at the same time 
as the unknowns. With the remaining samples, glucose standards were not 
estimated by the fructose method and the standard correction factor of 1% 
was used instead. All negative fructose concentrations have been taken as zero 
in calculating mean values. | 

The results for the non-ungulates are shown in Table 3 (carnivores) and 
Table 4 (guinea-pig and rabbit). The values for the rat are included in Table 5, 
which summarizes all the analyses. From this last table it can be seen that, in 
each of the three species where the comparison was made, the concentration of 
Seliwanoff-positive material in the foetal and maternal blood was almost 
identical. 
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Tasie 4, Concentration of sugar in the foetal blood and foetal fluid 


of the guinea-pig and rabbit 
” Sugar in mg/100 ml. 
" Foetal age Fructose Glucose 
Species (days) Sample ——* ‘ 
Guinea-pig 1 31 Foetus 1. Amniotic fluid 5 4° 104 
Foetus 2. Amniotic fluid 5 4 97 
Foetus 3. Amniotic fluid 5-5 5 95 
Maternal heart blood 0-9 1-7 209 
Guinea-pig 2 31 Foetus 1. Amniotic fluid 10-1 9-4 94 
es Foetuses 2 and 3. Amni- 4 3 82 
otic fluid 
Maternal heart blood 0 0-3 178 
Guinea-pig 3 Near term Foetus 1. Blood 2-5 0 81 
Foetus 1. Amniotic fluid 0-7 0 77 
Foetus 3. Amniotic fluid 1-7 0-4 84 
Guinea-pig 4 Near term Foetus 1. Amniotic fluid 0-6 0 80 
Foetus 1. Blood 0 0 65 
Foetus 2. Amniotic fluid 0 0 70 
Foetus 2. Blood 0 0 40 
Guinea-pig 5 41 Foetus 1. Blood 0 0 — 
Foetus 2. Amniotic fluid 1-4 2-7 — 
Foetus 3. Blood 0 1-8 — 
Foetus 3. Amniotic fluid 1 2-4 — 
Foetus 4. Amniotic fluid 0 1-1 — 
Rabbit 1 29 Foetus 1. Blood 3-3 — 93 
Foetus 3. Blood 1-2 — 65 
Foetus 4. Blood 2-5 — 90 
Foetus 5, Blood 2-1 — 87 
Rabbit 2 29 Foetus 1. Blood 0-6 — 37 
Foetus 2. Blood 16 — 34 
Foetus 3. Blood 0-9 — 27 
Foetus 4. Blood 0 — 35 
Foetus 5. Blood 0 — 32 
Foetus 6. Blood 0 — 27 
Rabbit 3 28 Maternal throat blood after | 31 79 
stunning 0-3 2-4 
Foetuses 1 to 4. Mixed 0-8 2-9 60 
blood 
Foetus 5. Blood 2-4 4:5 75 
Foetus 6. Blood 0-5 2-6 56 
Foetus 7. Blood 2-1 41 55 
Foetus 8. Blood 0-9 3-0 73 
2°5 4-6 
Mixed fluids 1-2 3.4 36 


* Second column records figures derived using alternative (duplicate) blank reading. 


TaB_z 5, Summary of results for non-ungulate mammals 


Fructose in mg/100 ml. 
No. of Foetal blood Amniotic fluid Maternal 
Species females Mean Highest Mean Highest Mean 
Guinea-pig 5 0-4 (5) 2-5 28(13) 101 0-7 (2) 
Rabbit 3 1-6 (18) 4-5 2-9 -- 1-7 (1) 
Rat 1 0-1 (8) 0-1 — 
Cat 2 0-9 (5) 2-3 — 
Dog 1 1-1 (4) 2-8 
Ferret 1 1-9 (10) 3-2 — — 2-1 (1) 


Figures in parentheses denote the number of foetuses or mothers sampled and not the number 
of parallel estimations. 
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DISCUSSION 


It is known that virtually all the material that gives a positive Seliwanoff 
reaction in the blood of the foetal sheep is free p-fructose. If it is accepted that 
this finding can reasonably be applied to all mammalian foetuses, then the 
present results indicate that fructose also occurs in high concentration in the 
foetal blood of the horse, pig, ox, goat and whale. Although the foetal blood 
also contains glucose, it may be concluded that in all these species under 
normal conditions the concentration of glucose is considerably less than the 
concentration of fructose, for such is the case in the pig (representing the non- 
ruminants), as shown by Goodwin (1954), the sheep (representing the ruminants) 
and the whale. 

The non-ungulate mammals contrast sharply with the ungulates, for in the 
foetal blood of the carnivores and rodents (for convenience, the rabbit is 
grouped with the rodents) fructose was present only in trace amounts and at 
concentrations comparable with those existing in maternal blood. Whether 
the weak Seliwanoff-colour registered in these species represents the presence 
of fructose is not clear, as there is no information on the non-hexose blood 
chromogens that might produce a similar trace of colour with the Seliwanoft 
reaction. Furthermore, there are several analytical details that bear upon the 
interpretation of such low readings. The estimation of Seliwanoff colour cannot 
be accurate at these low values, for the variation in the strength of colour 
shown by the blanks approaches the maximum excess of colour developed by 
the blood filtrate over the blanks. Thus negative values for blood fructose are 
not uncommonly recorded. In calculating the mean concentrations, such 
negative values should, strictly, offset some of the positive values and by 
recording all negative values as zero there has been a slight inflation of the 
apparent concentration of fructose. Again, with such small foetuses foetal 
blood is relatively scarce, and often the final blood filtrate needs to be more 
dilute than the corresponding filtrates from ungulates. The basic variables of 
the method then become multiplied, and it has been observed that if two 
duplicate blood samples are not diluted equally, the weaker filtrate often 
yields a higher value for apparent fructose (either positive or negative). 
Examples of this effect can be seen with the puppies (blood filtrates from the 
first three were a 1:11 dilution of whole blood, that from the last was diluted 
1:31), and the ferret (blood dilution for the first foetal group was 1:16; for the 
second, 1:23). 

However, regardless of whether fructose is or is not present in trace amounts 
in the foetal blood of non-ungulates, it is clear that the pattern shown by the 
two mammalian groups is very different. If a problem exists concerning 
fructose in the foetus, it can do so in the first place only as a result of the 
pattern shown by the foetal ungulates, for Seliwanoff-positive material in 
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small amounts can be found in the blood and other fluids of adults. Whether 
non-ungulates possess the basic placental pathways to produce fructose from 
glucose so that the difference between the two mammalian groups, bio- 
chemically, is only one of degree, has been investigated by Hagerman & Villee 
(1952), although the limits of present analytical methods clearly handicap such 
studies. 

From the grouping shown by these eleven species of common land mammals 
it has been proposed that among land mammals generally fructose occurs in 
high concentration in the foetus during late pregnancy only in ungulates 
(Goodwin, 1952). Such a view cannot be beyond doubt unless all species of 
foetal mammals are examined, but it can remain as a working proposal until 
fructose is demonstrated in high concentration in a non-ungulate foetus. 
There is no reason to wish that the position of ungulates in this respect should 
remain undisturbed and the discovery of a non-ungulate exhibiting the fruc- 
tose mechanism during pregnancy might provide a useful experimental animal. 
The brief report of Ainsworth, Parr & Warren (1951) accords with the present 
findings, as these authors examined the mouse and hamster (in addition to some 
of the species contained in this study)-and found that the foetal blood in these 
two mammals did not contain appreciable amounts of fructose. 

While it is of interest to know that other ruminants such as the deer (Walker, 
1954) conform to this pattern for ungulates, the real need now is to examine 
further species selectively. Thus it is important to know whether representa- 
tives of the Chiroptera or Insectivora can be classified with non-ungulates in 
this context, while there are some species, such as the American mole, that 
have important anatomical (placental) features common to ungulates but are, 
in zoological classification, removed from them. Unsuccessful attempts have 
been made by the writer to obtain foetal samples from these species and it 
would be simpler if they could be examined in their native lands. Possible 
affinities between ungulates and the whale are beyond the scope of this 
discussion. 

Fructose occurs elsewhere in biological material in substantial concentration 
—in seminal plasma (Yamada, 1933c; Mann, 1946) and in the haemolymph of 
the third instar larva of Gastrophilus intestinalis (Levenbook, 1947)—and 
while it has been possible to indicate a similarity between the needs of the 
ungulate foetus and spermatozoa (Goodwin, 1954) further similarity is not 
apparent for Gastrophilus, if indeed it were justifiable to seek a comparison 
between the role of fructose in such widely differing media. 


SUMMARY 
1. Foetal blood from the horse, pig, sheep, ox, goat, whale, dog, cat, 


ferret, guinea-pig, rabbit and rat was examined for the presence of 
fructose. 
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2. Seliwanoff-positive material (taken as fructose) was present in high 
concentration in the samples from the horse, pig, sheep, ox, goat and whale. 


In the remaining species, Seliwanoff-positive material was present only in 
traces and at concentrations comparable to those found in the blood of adults. 

3. It is suggested that, pending a much wider survey of the mammalian 
Orders, it may be assumed that the presence of fructose at high concentration 
in the foetal blood of land mammals at term is a peculiarity of ungulates. 


Most of this work was carried out in the Department of Animal Pathology, Cambridge, and it 
has received the financial support of the Agricultural Research Council. 

Obtaining samples from foals would have been extremely difficult but for the generous facilities 
provided by the Earl of Derby at his foaling stables. Mr M. Ryan, his stud groom, could not have 
been more helpful. The Equine Research Station, Animal Health Trust, besides arranging the access 
to this stud, provided nearby laboratory facilities for handling blood samples at night. The foetal 
whale samples were collected by Mr H. W. Symons in the 1952-3 whaling season. His efforts to 
obtain material as fresh as possible were particularly successful, while the filtrates were preserved 
with outstanding care until their safe delivery. 
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SHORTENING OF THE CARDIAC ACTION POTENTIAL DUE 
TO A BRIEF INJECTION OF KCi FOLLOWING THE 
ONSET OF ACTIVITY 
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At 10°C the action potential of a turtle heart has a duration of 35sec. 
Substances injected into the coronary artery reach the muscle fibres with 
a delay of the order of 1 sec. It is thus possible to change the extracellular 
ionic composition during a single action potential, and to study the influence 
of such changes on the potential-time course. The present results show that 
a rapid rise of the extracellular potassium concentration shortens the action 
potential. This finding may be relevant to an interpretation of the normal 
potential-time course during cardiac activity. 


METHOD 


Dissection. Turtles (Pseudemys elegans) of 15-20 cm shell length were killed by several blows on 
the head and pithing of the spinal cord. After exposure of the heart 1 ml. of Heparin sodium 
solution (1: 10,000) was injected into one of the pulmonary arteries. Two minutes later the auricular 
tissue closest to the ventricle was crushed, causing ventricular arrest. The ventricle was excised 
and a 3 mm Perspex rod was inserted through the left pulmonary artery; this served as a support 
for the ventricle (see Fig. 1), Under microscopic observation a polyethylene cannula, tapered to 
0-7 mm, was tied into the single coronary artery (see inset of Fig. 1) and attached to the supporting 
rod. A concentric double tube was then connected to the cannula, taking care that the tapered end 
of the inner tube reached a position as drawn in the inset of Fig. 1. The heart was immersed in 
a bath and cooled to 8-12° C by mounting the Perspex chamber in iced water. 

Solutions. A modified Tyrode solution was used: NaCl 6-2, NaHCO, 1-0, NaH,PO,.2H,0 0-05, 
KCl 0-2, MgCl.6H,O 0-1, CaCl, 0-2, glucose 1-0, H,O 1000-0 g. Papaverine sulphate (0-01 pg/ml.) 
and thiamine HCI (50 ug/ml.) were added, in the hope of increasing the coronary flow rate (Wilde & 
O’Brien, unpublished). Potassium-rich solutions were prepared by dissolving solid KCI in the 
modified Tyrode solution. To obtain potassium glutamate, KOH was neutralized by L-glutamic 
acid, 

Injection of potassium-rich solutions. Under a pressure of 120 cm H,0 the flow rate through 
a 2 g ventricle was about 1-5 ml./min. The perfusate, after leaving the coronary sinuses, entered 


* Visiting Professor 1954-5. On leave of absence from the Department of Physiology, Univer- 
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the ‘Tyrode’ bath; the level of the bath was kept constant by suction. Potassium-rich solution 
could be mixed briefly with the perfusate by opening a stopcock which controlled the flow through 
the inner of the concentric tubes. Evans blue (about 100 yg/ml.) had been added to the K-rich 
solution. Thus when observing the heart surface through a microscope the injected solution could 
be seen to shoot into the branches of the coronary artery and, less than a second later, to leave the y 
field of vision through the coronary veins. The KCl concentration in the inner tube was usually 
200 mM. Dilution with the normal perfusate brought the concentration of the injected potassium 


down to 30-80 mm. An estimate of this concentration could be obtained by collecting the venous t 
outflow, with the stopcock open for several seconds, and determining the dye dilution. _ k 
h 
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Fig. 1. Set-up used for perfusing turtle hearts and recording membrane potentials. Inset at upper we 
right shows cannula tied into single coronary artery and connected to concentric double tube. 


po 
Recording. Ling-Gerard (1949) microelectrodes were drawn from Pyrex glass, filled with du 
3 m-KCl and cut where the drawn-out portion had an outside diameter of about 500 ». A short un 
piece of 200 yu silver wire was pushed into the thin portion of the electrode. The 200 » wirehad been on 
soldered to a longer piece of 25 y silver wire which in turn had been soldered to the grid connexion ts 
of a VT 120 cathode follower tube (see Fig. 1). The KCl surface of the microelectrode was covered | 
by a droplet of liquid paraffin and the electrode rinsed with distilled water. a 
This way of suspending the electrode (Woodbury & Brady, 1956) allowed the electrode tip to 11. 
follow the movements of the heart freely. To insert an electrode the heart was rhythmically 
stimulated and moved upwards until its surface touched the electrode tip during all phases of the ser 
cardiac cycle, In many cases the electrode would then insert itself into what is considered to bea = § th 
single fibre of the cardiac syncytium. , 
The admixture of KCI to the perfusate was detected by a circuit as drawn in Fig. 1 and dis- les 
played on the second beam of a double-gun cathode-ray tube. To stimulate the heart, square pulses wa 


of current were applied between the bath and a thick-walled capillary glass tube that touched the ( 
outside of the ventricle. 
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RESULTS 


Injection expervments. In Fig. 2a the zero reference line was first obtained 
with the electrode tip in direct contact with the bathing solution. The electrode 
was then inserted and electrical stimulation discontinued. The record suggests 
that the impaled fibre had a resting potential of 83 mV. To judge from the 
lowest trace of Fig. 2a, K-rich solution (40 mm instead of 2-6 mm) entered the 
heart during 0-2 sec. This resulted, with a latency of 0-5 sec, in a transient 
depolarization, as would be expected from the well-known fact that K+ ions 
depolarize cardiac muscle (Garcia Ramos & Rosenblueth, 1947; Burgen & 
Terroux, 1953). 

Fig. 26 shows a subsequent record from the same fibre. Here a 0-4 sec 
injection of K-rich solution depolarized the heart beyond the firing level 
(50 mV). At the end of an action potential the fibre remained partly depolarized, 
supposedly owing to K* ions that had not escaped from the interspace. 

Fig. 3a was also obtained from the same fibre as Fig. 2a, b. Upon electrical 
stimulation an action potential was first recorded under normal perfusion 
conditions. During a subsequent sweep cycle the heart was again stimulated 
electrically. But now K-rich solution was made to enter the coronary artery 


_ for 0-9 sec. This had the effect of shortening the action potential. 


Fig. 36 was taken from a different experiment. It shows rather well the 
double action of injected KCl: repolarization of the active fibre, depolarization 
of the resting fibre. 

Steady admixtures of KCl to the perfusate. By opening the stopcock com- 
pletely and adjusting the inflow of KCl-rich ‘Tyrode’ with a screw clamp it 
was possible to study resting and action potentials at different but constant 
potassium concentrations. Fig. 4 shows such records, which were obtained 
during the same impalement. The actual potassium concentrations were 
unknown; but a rough estimate could be made from additional measurements 
on the same heart: a change-over from the normal solution to 10x[K] 
‘Tyrode’ depolarized by 39 mV (measurements on four fibres, range 38-41 mV); 
perfusion with 3x[K] ‘Tyrode’ depolarized by 13 mV (three fibres, range 
11-16mV), 

Fig. 4 is of some interest since it suggests that the turtle ventricle is less 
sensitive to potassium ions than the mammalian Purkinje system. Trebling 
the potassium concentration shortened the turtle ventricle action potential by 
less than a factor of 2; with Purkinje fibres (Weidmann, 1956) the shortening 
was about six-fold. 

Control experiments. Perfusion with 50 mM of NaCl added to ‘Tyrode’ solu- 
tion slightly increased the duration of the action potential. In the same heart 
an injection of 50 mM of extra potassium glutamate shortened the action 
potential. Choline chloride (50 mM added to ‘Tyrode’ together with atropine 
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Fig. 2. (a): Subthreshold depolarization in a quiescent heart, due to a brief injection of K-rich 
solution into the coronary artery (injection marked on lowest trace). (b) Action potential set 
up by injecting K-rich solution for a longer time. 


(a) 


Fig. 3. Heart rhythmically stimulated. The longer-lasting action potentials were obtained under 
normal perfusion conditions, the shorter ones by injecting K-rich solution near the beginning 
of electrical activity. 


Fig. 4. Resting and action potentials from same the fibre. Perfusion of the coronary circulation 
by solutions of different K content. The steady potassium concentration was 2-7 mm for the 
longest and about 20 mm for the shortest action potential. 
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sulphate, 5 mg/ml.) brought about no noticeable change. These results make 
it unlikely that the effects observed with KCl were due to the increase of the 
extracellular chloride concentration or simply to hypertonicity. 


DISCUSSION 
Possible mechanisms for the repolarizing action of K+ ions 

It is well established that a shortening of the cardiac action potential can be 
obtained by increasing the extracellular potassium concentration (frog heart: 
Yoshida, 1926; dog auricle: Garcia Ramos & Rosenblueth, 1947; sheep 
Purkinje fibres: Weidmann, 1956). However, K+ ions are known to depolarize 
the resting fibres—and it has not been clear so far whether shortening of the 
cardiac action potential is a consequence of depolarization or a more direct 
effect of K+ ions. The present results demonstrate that shortening can be 
obtained without a preceding depolarization. 

It is not easily understood why K* ions, when applied during the plateau 
of the action potential, should tend to repolarize a fibre. By lowering the 
ratio intracellular [K]: extracellular [K] the ‘ potassium equilibrium potential’ 
will be decreased and—if this happens during the plateau phase—current 
theories (e.g. Hodgkin, 1951, eqn. 5) predict a reduction in the driving force 
tending to repolarize the membrane. Thus a larger and more prolonged 
reversal of the potential difference would be expected rather than a more rapid 
return towards the resting level. It is necessary, therefore, to consider other 
mechanisms. There are at least three possibilities: (1) K+ ions may increase the 
permeability of the fibre membrane to K+ ions, causing an increased outflow 
of positive charge; (2) K+ ions may decrease the permeability of the fibre 
membrane to Nat ions, causing a decreased inflow of positive charge; and 
(3) K+ ions may increase outward current due to ‘active’ sodium extrusion. 
Liberation of acetylcholine from vagal terminals seems to be an unlikely 
mechanism: for according to Gaskell (1882) the ventricle of the tortoise does 
not respond to vagal stimulation, and according to Engelhart (1930) it has 
neither a vagus innervation nor cholinesterase activity. 


Does the rising extracellular potassium concentration — 
normally bring about repolarization? | 
It was shown by Wilde, O’Brien & Bay (1955) that during the phase of 
electrical activity (and shortly thereafter) an increased amount of “K appears 
in the capillary bed of turtle hearts. In the normal course of events K* ions 
might accumulate outside the excitable membranes during the plateau phase; 
and the rising potassium concentration might promote repolarization in 
essentially the same way as demonstrated here for K+ ions applied to the 
fibres from the outside. The hypothesis becomes less attractive if the problem 
1] PHYSIO. CXXXII 
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is treated in a more quantitative way. From results of Hajdu (1953, frog 
hearts) and those of Wilde & O’Brien (1953, turtle hearts) we know that each 
contraction is accompanied by a loss of potassium corresponding to about 
1/400 of the intracellular K content. In the frog heart the potassium concentra- 
tion is given as 89 m-equiv/l. of fibre water (Hajdu, 1953) and the volume 
relationship between intra- and extracellular water as 72:28 (Krogh, Lindberg 
& Schmidt-Nielsen, 1944). On the assumptions that K+ ions released during 
activity distribute evenly in the extracellular water but do not escape into the 
capillaries the potassium concentration in the interspace may be expected to rise 
by about 0-6 mm. On the other hand, at least 10 m-moles of extra potassium 
must be applied from the outside (Fig. 4) to shorten the action potential 
by an appreciable amount. 

This comparison may mean that the effects described in the present paper 
have nothing to do with the events during a normal heart beat. Alternatively, 
it seems possible to assume that K* ions escaping through the excitable mem- 
brane meet another ionic barrier very close to it and accumulate to a high 
concentration within a comparatively small space. 


SUMMARY 


1. Resting and action potentials were recorded from excised and perfused 
turtle ventricles. 

2. Potassium-rich solution could be administered during a fraction of 
a second and made to travel through the coronary circulation. In a resting 
heart this caused a transient depolarization which—if strong enough—gave 
rise to an action potential. When applied shortly after the onset of activity, 
K+-rich solution caused an early repolarization. 

3. The depolarizing action of K+ ions in a resting fibre can be accounted 
for on the ground of current theories; the repolarizing action of K+ ions 
observable during activity is not readily understood. 

4. During a heart beat the outflow of K+ ions is increased (Wilde & O’ Brien, 
1953). The hypothesis is thus discussed whether accumulation of K+ ions near 
the outer surface of the excitable membrane might be responsible for normal 
repolarization. 

My thanks are due to Prof. C, McC. Brooks and his staff for hospitality and stimulating dis- 
cussions during my stay in Brooklyn; to Prof. W. 8. Wilde and Dr J. M. O’Brien of New Orleans 
who demonstrated to me the technique of cannulating turtle hearts and gave me much unpub- 


lished information; and to Prof. H. H. Hecht of Salt Lake City who showed me Woodbury & 
Brady’s modifications of the microelectrode technique. 
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THE SEPARATION OF HUMAN AND BOVINE PLASMA 
THROMBOPLASTIN WITH ETHER AND A STUDY 
OF ITS PROPERTIES 
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and University of Manchester 
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Many attempts have been made to isolate plasma thromboplastin. These 
efforts were reviewed by Quick (1947), and it is apparent that the globulin 
substance isolated at that time is what is now known as anti-haemophilic 
globulin. Shinowara (1951) obtained two separate components from the blood 
cells and the plasma respectively, which he claimed to have an activity 
identical with that of tissue thromboplastin only if used together. Chargaff & 
West (1946) gave evidence of the presence in normal blood of a protein fraction 
sedimentable by high-speed centrifuging which had thromboplastic activity 
similar to that of tissue cells. Campbell & Stefanini (1953) claimed the adsorp- 
tion by barium sulphate from human plasma of a substance which when 
eluted by sodium citrate accelerated the clotting of normal and haemophilic 
plasmata. They called this substance plasma thromboplastin. 

The causes of failure to isolate plasma thromboplastin are manifold. It was 
difficult, until recently, to define plasma thromboplastin and to differentiate 
between its activity and that of tissue thromboplastin. The presence of 
thrombin, together with plasma thromboplastin in serum, complicated the 
characterization of thromboplastin (Jacox & Bays, 1949). Plasma thrombo- 
plastin, as will be shown in this paper, is a very labile substance, and the 
amount obtained from plasma is very small and difficult to preserve. 

Defining plasma thromboplastin as the substance responsible for the con- 
version of prothrombin to thrombin in the presence of calcium chloride, Biggs, 
Douglas & MacFarlane (1953) differentiated between it and substances such 
as brain extracts, Russell’s viper venom and trypsin, all of which need to react 
with other factors in order to acquire full thromboplastic activity. They also 
demonstrated (Biggs, Douglas & MacFarlane, 1953a) that platelets, anti- 
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haemophilic globulin, factors V and VII, Christmas factor and calcium are 
necessary for its formation. By adsorbing prothrombin from citrated plasma 
they obtained a solution containing plasma thromboplastin with practically 
no thrombin. However, this final prothrombin converting factor has not 
previously been isolated. 


The purpose of the present work is to describe a method for the isolation of 
this plasma thromboplastin and to study its physico-chemical and biological 
properties. 


METHODS 


Analytical methods. Nitrogen content was determined by the micro-Kjeldahl method. Tyrosine 
content was determined by Folin’s phenol reagent. Amino acids were identified in acid hydro- 
lysates by paper chromatography (Consden, Gordon & Martin, 1944) which was also used for 
determination of peptidase activity (Nour-Eldin & Wilkinson, 1956). Cholesterol was determined 
colorimetrically after ether alcohol extraction followed by chloroform extraction. Phosphorus 
was estimated by the method described by King (1951). Paper electrophoresis was carried out 
using barbitone buffer pH 8-6. 

Reagents. The method used for the preparation of plasma thromboplastin solution was essentially 
that used by Biggs & Douglas (1953), with certain modifications mentioned in the appropriate 
section. All reagents used for that test were prepared as described by these authors, except 
aluminium hydroxide, which was prepared as described by Quick (1951). 

Imidazole buffer was prepared according to the method of Kirby & Neuberger (1938). Pro- 
thrombin, factors V and VII and Christmas factor were prepared, using the methods described 
by Biggs & MacFarlane (1953). Anti-haemophilic globulin was obtained by the method of Bidwell 
(1955). Human citrated plasma was used as a substrate because bovine plasma was found to give 
& one-stage prothrombin time varying between 24 and 33 sec. Fibrinogen was obtained from the 
Lister Institute, London. Ether concentration was calculated in relation to the original volume of 
solution at +3° C, Buffered saline was a mixture of equal volumes of 0-9% sodium chloride and 
imidazole buffer. 

Assays. The activity of a solution containing plasma thromboplastin was determined by taking 
0-1 ml. thereof together with 0-1 ml. of 0-025m calcium chloride and adding them simultaneously 
to 0-1 ml. citrated plasma at 37° C. A clotting time of 10 sec denoted 100 % activity. The activity 
of a weaker solution of plasma thromboplastin was measured from a previously constructed curve, 
and the activities of concentrated solutions were arrived at after determining the degree of dilution 
required to give 100% activity. 

The effect of various factors or substances on the activity of plasma thromboplastin was deter- 
mined by two methods, In the first method plasma thromboplastin was incubated at 37° C with 
the factor to be tested, and at intervals 0-1 ml. of this mixture was removed and added to citrated 
plasma together with 0-1 ml. of 0-025 m-CaCl,. However, when CaCl, only was incubated with 
plasma thromboplastin, 0-2 ml. of the mixture was added to the citrated plasma without further 
addition of calcium chloride. A control test was carried out in which the thromboplastin was 
incubated with 0-9% saline solution. In the second method the amount of thrombin generated in 
a mixture of equal volumes of solutions of prothrombin, thromboplastin, calcium chloride and 
0-9% saline solution was first determined and in further tests the saline was replaced by the 
test material. 

The ideal pH for maximal recovery of plasma thromboplastin was arrived at by using solu ions 
at pH starting at 6-2 and rising by 0-2 intervals to 7-8. Another experiment was done subsequently, 
using 0-05 pH intervals in the vicinity of the pH value which gave maximal recovery in the first 
instance, The effect of pH on plasma thromboplastin after its isolation was investigated by dis- 
solving it in imidazole buffer-saline solution at pH varying between 6-2 and 7-8. The solutions 
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were incubated at room temperature and at 37° C for 1 hr, after which the pH was readjusted to 
7-2 by imidazole buffer and the activity of the solution compared with a control at pH 7-2 
diluted to the same degree. 


THE ISOLATION OF PLASMA THROMBOPLASTIN 


The method finally used for isolating plasma thromboplastin will be described 
first and then observations made during the development of this procedure and 
other experiments which led to its adoption. The main work was first carried 
out with bovine blood, and then the conditions necessary for human blood 
were determined. The differences in the conditions necessary for obtaining 
plasma thromboplastin from each blood will be mentioned in the appropriate 
places. 


Method of separating plasma thromboplastin 

(1) One volume of aluminium hydroxide-adsorbed plasma diluted in 0-9% NaCl (1:5), 1 vol. 
of platelet suspension, 1 vol. of serum diluted (1:10) with 0-9% NaCl and 2 vol. of imidazole 
buffer (pH 7-2 for bovine blood and 7-0 for human blood) are mixed together and incubated at 
37° C for a sufficient period to reach that temperature. 

(2) One volume of warm (37° C) 0-025 calcium chloride solution is then added and mixed with 
the previous reagents. 

(3) The clot, which usually forms after 1-2 min, is removed after 4 min, squeezing and draining 
to remove as much fluid from it as possible. 

(4) After 6 min incubation, the liquid from (3) is filtered through eight layers of gauze to remove 
any remaining fibrin. Quantities of 60 ml. are received into centrifuge bottles (capacity 250 ml.) 
and cooled quickly to 3° C. 

(5) Cold ether at the same temperature is added to a concentration of 12% in the case of bovine 
blood, or 6% in the case of human blood. The ether is gently mixed with the plasma thrombo- 
plastin solution by inverting the bottle twice. The bottles are securely stoppered and laid on their 
sides and kept at a temperature of 04 1° C for bovine blood and - 1-040-5° C for human blood 
for 16 hr. 

(6) The flocculent precipitate which appears is spun down at 2000 rev/min for 15 min. The 
supernatant liquid is removed and the bottles inverted on filter paper and left to drain for 3 min. 
Saline or buffered saline is then added to dissolve the precipitate. The solution is re-centrifuged 
at 5000 rev/min for 1 min to spin down any insoluble material. 

(7) The maximal activity of the precipitate obtained represented 55% (in bovine) and 40% 
(in human) of the activity of the original solution obtained at stage (3), from which it was 
precipitated. 


Development of Isolation Method 

(1) Methods of separation. Plasma thromboplastin activity disappeared 
from solution on the addition of adsorbents, e.g. barium sulphate, aluminium 
hydroxide and calcium phosphate. Its recovery from these adsorbents could 
not be achieved with sodium citrate, saline or phosphate buffer. Precipitates 
obtained using ammonium sulphate or potassium phosphate buffer were com- 
pletely inactive. Pilot tests using ether as a precipitant (Kekwick & MacKay, 
1954) gave the best recovery. The latter was therefore developed and the 
different factors influencing it were studied. 
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(2) Ether concentration. Lower concentrations of ether than those used in 
the method (6% for human and 12% for bovine) gave poor recovery. Slight 
loss was noted within 1%. However, on raising the concentration of ether 
above 18 and 12% with bovine and human solutions respectively, a small 
precipitate was obtained and the supernatant liquid remained turbid. Excess 
ether (more than 20%), even at low temperature, resulted in the formation of 
three layers; ether at the top, thromboplastin solution at the bottom and in 
between a greyish white precipitate which had negligible activity. 

(3) Effect of temperature. Both the amount and activity of precipitate are 
greatly reduced if the temperature is raised above 0°C. Freezing in the 
presence of ether (even optimal concentration), gave on thawing a large 
yellow precipitate with slight activity. A control kept at the optimal temper- 
ature (0° C for bovine and —1° C for human) lost only 10% of its genital 
after 16 hr. Centrifuging at 0° C slightly improved the recovery. 

(4) Choe of buffer and pH. The activity was greatly diminished at pH 
below 6-9, even at low temperature. As the pH was lowered, the precipitate 
obtained was larger but less active. At pH more than 7-6 a stringy insoluble 
precipitate appeared. Serensen phosphate and citrate phosphate (Shinowara, 
1949) buffers were found to diminish the activity of plasma thromboplastin 
formed in solution. Precipitates obtained using these buffers showed diminished 
activity. 

(5) Equilibrium between ether and plasma thromboplastin solution. When the 
volume of plasma thromboplastin solution per bottle was increased the total 
amount of precipitate was diminished, but its activity per mg remained 
unchanged. With the smaller volume employed in the method, there seemed 
to be a better equilibrium between ether and plasma thromboplastin solution 
during the incubation period of 16 hr. Vigorous shaking for 15 min at 0° C 
in the presence of optimal ether concentration gave a precipitate with poor 
activity. Further incubation gave no more precipitate, confirming that 
although shaking precipitated the plasma thromboplastin more quickly it also 
caused its rapid denaturation. 

(6) Period of precipitation. The first appearance of the eoisinian was 
noticed after 3 hr and maximal recovery was attained after 16 hr. 

(7) Protein and salt concentration. Dilutions of reagents with water greatly 
diminished the activity. Isotonic calcium chloride (Stefanini, 1950) diminished 
the activity while isotonic imidazole buffer (Seegers, Loomis & Vandenbelt, 
1945) did not affect the results. 

(8) Effect of ether on various reagents used. By adding ether to plasma and 
serum in various proportions we could not obtain a precipitate which would 
give a clotting time by our standard test of less than 37 sec. The same activity 
was manifested by the supernatant fluid after plasma thromboplastin had 
been precipitated and ether removed under vacuum. 
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Physico-chemical Properties of plasma thromboplastin 


(1) General. The flocculent precipitate when it first appeared in the solution 
had a fungoid growth-like appearance. After centrifuging a frosty white 
precipitate was obtained. The concentrated solution of this in saline was slightly 
opalescent and viscous. After freeze-drying it had a white fluffy appearance. 

(2) Solubility. The solubility in saline corresponded to 15 mg nitrogen/ 
100 ml. for human and 40 mg nitrogen/100 ml. for bovine plasma thrombo- 
plastin: but the solubility in water was only 3 and 5 mg nitrogen/100 ml. 
respectively. The substance was non-dialysable and was precipitated with 
50° ammonium sulphate. 

(3) Chemical. After dialysis against cold water and freeze-drying, the 
nitrogen content was found to be 16-1°, for human material and 13-2°% for 
bovine. The tyrosine content of human thromboplastin (3°%) was half that of 
bovine (6%). The cholesterol coritent was found to be 13-7% for human and 
12-6 % for bovine. After acid hydrolysis (using 40 ug total nitrogen) the same 
amino acids were found in both, namely, aspartic acid, glycine, serine, 
glutamic acid, alanine, threonine, leucine(s), valine, tyrosine, lysine and 
cysteine and its decomposition compounds. When the amount chromato- 
graphed was increased to 125 ug nitrogen tailing and distortion of several 
amino acids occurred, and there appeared three small spots which could not be 
identified with the known amino compounds. They all had an R, value of 0-04 
in phenol but 0-56, 0-45 and 0-34 respectively in butanol-acetic acid mixture. 
Phosphorus could not be detected in a portion containing 50 mg nitrogen. 

(4) Paper electrophoresis. Both bovine and human plasma thromboplastin 
gave one band which did not move in the electric field. It gave a faint colour 
with Sudan black B (Swahn, 1953) and oil red O (Durrum, Paul & Smith, 1952). 

(5) Stability and preservation. Both human and bovine plasma thrombo- 
plastins were very labile, rapidly losing their activities when dissolved in saline. 
Imidazole buffer pH 7-2 had a stabilizing effect but did not prevent the loss of 
50% of the activity within 1 week at —20° C nor the loss of 70% after 3 min 
incubation at 56°C. Changes in the pH greatly affected the activity; after 
1 hr incubation at 37° C, 70 and 50% of the activity was lost at pH 6-9 and 
7-6 respectively. Complete destruction occurred when the pH was lowered to 
6-6. When preserved in 6% bovine albumin solution full activity could be 
maintained for 3 weeks at —20°C. Freeze-drying completely destroyed the 
activity. Acetone dehydration caused complete destruction. Phenol caused 
precipitation in a concentration of 0-3°%, or more. Seitz filtration deprived the 
solution of all its activity. 

(6) Enzymic activity. A fresh solution did not show either alkaline or acid 
phosphatase activity. No peptidase activity was detected using glycyl-glycine 
or diglycyl-glycine as substrates. 
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Biological properties 

(1) Effect on citrated plasma. When the plasma thromboplastin obtained by 
ether precipitation was tested by our standard test the concentrated bovine 
and human solutions gave a clotting time of 5 and 7 sec respectively. A dilu- 
tion of 1:8 in case of bovine and 1:3 in case of human was needed to give a 
clotting time of 10 sec (100% activity). The nitrogen content of this dilute 
solution varied between 4-5 and 4-9 mg/100 ml. 

(2) Effect on fibrinogen. This varied from one batch of fibrinogen to another. 
The most concentrated solution of plasma thromboplastin (800%) in most 
cases gave a clotting time between 28 and 33 min. In one instance only a 
shorter clotting time was obtained, weak fibres appearing after 4 min with 
firm clotting after 18 min. This indicates the absence of thrombin or thrombin- 
like activity in the precipitate obtained. 


TaBLzE 1, Effect of various substances on the activity of plasma thromboplastin 


Substance incubated Incubation period in minutes 
with plasma A 
thromboplastin Substrate 0 4 1 2 4 8 
Clotting time in seconds 
Calcium chloride Citrated plasma 23 17 13 12 12 13 
(0-025 m) 
Normal serum Citrated plasma 25 — 23 ~ 255 £428 323i 
serum Citrated 23 9, 9 94 
Factor Citrated plasma 25 25 £24 27 30 
Heparin (4 pg/ml.) Citrated plasma 24 2 2 -27 344. 37 
Heparin (4 ug/ml.)* Citrated plasma 10 10 10 ll} 
Heparin (6-7 ug/ml.)* Citrated plasma 10 15 1541 1 21 
Prothrombin + saline Fibrinogen More than 3 min 120 = 60 
Prothrombin +calcium Fibrinogen — 2 16 


chloride 
* Concentration of plasma thromboplastin five times greater than in the other tests. 


(3) The influence of various blood clotting factors could be summarized as 
follows. Anti-haemophilic globulin and platelets did not affect the activity of 
plasma thromboplastin. On incubating normal serum with plasma thrombo- 
plastin, a shortening of the clotting time of the substrate from 25 to 23 sec 
(see Table 1) occurred after a period of 1 min. This was followed by a 
lengthening of the clotting time which reached 31 sec after 8 min incubation. 
However, isolated factor VII and Christmas factor had no effect on the activity 
of plasma thromboplastin. Incubation with serum from haemophilic patients 
or patients with Christmas disease gave rapid clotting time of the substrate 
(see Table 1). This is due to the formation of thrombin by the action of plasma 
thromboplastin on prothrombin present in these sera. Factor V (20 mg/ml., 
imidazole buffer) produced practically the same effect as normal serum (see 
Table 1), 
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Calcium chloride (0-025 m) increased the activity of plasma thromboplastin, 
reducing the clotting time from 23 to 12sec after 2 min incubation (see 
Table 1). 

The addition of heparin to the substrate caused delayed clotting by plasma 
thromboplastin. Further, 8 min incubation of heparin with plasma thrombo- 
plastin reduced its activity, as shown by the increase of the clotting time from 
24 to 37 sec (see Table 1). When the concentration of plasma thromboplastin 
was increased, as shown in the table, with initial clotting time of 10 sec instead 
of 24 sec, more heparin was required to demonstrate its inhibitory effect. 

Plasma thromboplastin alone was very weak in producing thrombin 
from prothrombin (see Table 1). Calcium chloride greatly increased its activity 
and none of the other factors influenced this action. Thrombin in a final con- 
centration of 0-01 unit per ml. had no effect on the activity of plasma thrombo- 
plastin. 

No fibrinogen was present in the separated plasma thromboplastin ; 1000 units 
of thrombin per ml. did not cause clotting in a concentrated solution. 


DISCUSSION 
Studies reported here deal with the precipitation of plasma thromboplastin 
from a solution where all factors necessary for its formation are allowed to 
react. After attaining full activity the plasma thromboplastin is precipitated, 
under controlled conditions, with ether. Human and bovine plasma thrombo- 


plastin so separated gave a clotting time of 7 and 5 sec respectively. On the © 


other hand, when the procedure was repeated using the same proportions of 
plasma and serum, but substituting saline solution for platelets, the precipitate 
obtained could not be concentrated to give a clotting time less than 37 sec. 
This showed that ether was acting as a specific precipitant of already-formed 
plasma thromboplastin and did not form a thromboplastic substance from 
serum or plasma as may be produced by the action of chloroform on serum 


(Tagnon, 1942). The substances obtained by Campbell & Stefanini (1953) and — 


by Chargaff & West (1946) most probably have an activity similar to that of 
the precipitate obtained from serum and plasma with ether, though it was not 
plasma thromboplastin. 

The recovery, at first, was thought to be small. This could not be attributed 
to logs on storage nor to a destructive action of ether. However, further work 
on the relation between calcium and plasma thromboplastin (Nour-Eldin & 
Wilkinson, unpublished) has indicated the cause of this apparently false low 
recovery. The optimal conditions, particularly the ether concentration, 
required for the precipitation of bovine plasma thromboplastin were found to 
be different from those necessary for the human material. : 

Plasma thromboplastin seems to be a protein with attached lipid. The exact 
nature of the latter cannot be arrived at from the present work. Cholesterol 
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is either carried down with the precipitate or incorporated in its molecule. The 
latter view appears to be more probable as paper electrophoresis showed one 
band in @ position different from those of cholesterol (Fasoli, 1952). There is, 
at present, no explanation for the difference in tyrosine content between 
human and bovine material; it might be due to species specificity. Bovine 
plasma thromboplastin was more soluble in 0-9°% NaCl than human. 

The action of plasma thromboplastin on prothrombin was weak in the 
absence of calcium, which seemed to be the only activator of plasma thrombo- 
plastin. The results obtained on incubation with normal serum or-factor V 
were thought to be due to the presence of small amounts of prothrombin. The 
small amount of thrombin formed from the latter shortened the clotting time 
after incubation for 1 min. As this formed thrombin was neutralized, the 
remaining plasma thromboplastin gave a longer clotting time. The sera of 
patients with haemophilia and with Christmas disease, being rich in pro- 
thrombin, greatly accelerated the clotting time, owing to the formation of 
large quantities of thrombin. The effect on fibrinogen was most likely due to 
its contamination with varied amounts of prothrombin. It is unfortunate that 
freeze-drying destroyed the activity of the thromboplastin precipitate. How- 
ever, preservation of full activity in bovine albumin at — 20° C for 3 weeks 
makes the prospect of further research on this important labile factor mo 
hopeful. | 

1. A method is described for the precipitation, using ether, of bovine and 
human plasma thromboplastin. 

2. The conditions influencing its recovery and stability have been studied. 

3. The physico-chemical and biological properties of the isolated plasma 
thromboplastin are described and the effects of various blood clotting factors 
on its activity are reported. 

We wish to thank Dr S. W. Stanbury for the use of the refrigerated centrifuge in some of the 
experiments, and Mr 8. Coxon and Mr B. Perks for their technical assistance. 
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A STUDY OF THE DEPRESSOR AND PRESSOR COMPONENTS 
OF THE CAT’S CAROTID SINUS AND AORTIC NERVES USING 
ELECTRICAL STIMULI OF DIFFERENT 
INTENSITIES AND FREQUENCIES 


By W. W. DOUGLAS anp W. SCHAUMANN* 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 11 November 1955) 


Distension of the carotid sinus or the aortic arch causes a reflex fall in blood 
pressure. If records of electrical activity are taken from the carotid sinus or 
aortic nerves during the stimulus of distension many fibres of different size can 
be seen to fire. It is generally assumed that these impulses in diverse baro- 
sensory fibres are all concerned in the depressor reflex, and that together they 
account fully for the reflex. Furthermore, it is held that the depressor effects 
of electrical stimulation of the carotid sinus and aortic nerves are to be attri- 
buted to excitation of barosensory fibres. 

Some idea of the function of different sized fibres can be obtained from 
experiments in which the nerves are stimulated electrically with carefully 


graded intensities of stimulus. Such an experiment was carried out by Douglas, 


Innes & Kosterlitz (1948, 1950) on the cat’s carotid sinus nerve and yielded 
two curious findings: first, that little depressor function could be attributed to 
the large barosensory fibres so prominent in action potential records (and 
whose receptor behaviour has frequently been studied as typifying the baro- 
sensory depressor afferent); and secondly, that much of the depressor activity 
of this nerve seemed to be attributable to fibres smaller than the barosensory 
fibres that have been seen in action potential records. 

Moreover, Neil, Redwood & Schweitzer (1949a, b) have observed that while 
stimulation of the cat’s carotid sinus or aortic nerve after chloralose usually 
caused a rise in blood pressure, the effect sometimes became depressor when 
the pulse duration of the stimulus was increased. Although these workers do 
not make the point, this observation also suggests the presence of compara- 
tively small depressor fibres in these nerves. 


* British Council Scholar. 
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In the present experiments the cat’s carotid sinus and aortic nerves have 
been excited electrically with different intensities and frequencies of stimula- 
tion. The experiments were undertaken to compare the depressor fibre con- 
stitution of the aortic nerve with that of the carotid sinus nerve, and to 
examine how the reflex effects of the different fibres in both nerves vary with 
the frequency of firing. 

METHODS 

The experiments were done on cats. After induction with ethyl chloride and ether they were 
anaesthetized with urethane 1-2 g/kg intravenously or decerebrated. Records were made on 
a kymograph. Systemic blood pressure was measured from a femoral artery with a mercury 
manometer. Respiration was recorded by a tambour and lever activated by a stethograph tied 
round the lower chest, or by measuring diaphragm movements with the phrenograph described by 
de Candole, Douglas & Spencer (1950). An estimate of respiratory movements was obtained by 
measuring the lever excursions. In some experiments, in order to exclude the influence of respira- 
tory movements on blood pressure, the chest was opened on both sides and the lungs were 
artificially ventilated through a Starling pump. The minute volume was then adjusted so that 
spontaneous gentle respiratory movements of the thorax were present. 

The right or left carotid sinus nerve was dissected well clear of surrounding structures. The cut 
central end was stimulated some 6mm or more from the junction with the glossopharyngeal 
nerve. The left: aortic nerve was identified as it joined the superior laryngeal nerve close to the 
nodose ganglion, and its cut central end was stimulated 1-2 cm below this point. Square wave 
stimuli were delivered through a transformer with 5 kQ across the output. Each stimulus was 
visualized on a cathode-ray oscilloscope and adjusted to the desired intensity before ite application. 
Daring spplication of ths etieules, wits there Was some further shorting by the nerve, the voltage 
fell by leas than 10% of its monitored value. The frequency calibration of the sti h 


by photographing trains of impulses displayed on the cathode-ray oscilloscope. The frequencies 
used were in the series 1 shock/4 sec, 1 shock/2 sec, 1-2-4-8-16-32-64-125-250-350 shocks/sec. 


RESULTS 
Carotid sinus nerve 


The right or left carotid sinus nerve was stimulated with shocks of varying 
intensity and frequency in six decerebrate and seven anaesthetized cats. 
Intensity of stimulation. In two decerebrate and in three anaesthetized cats 
increasingly stronger stimulation at a constant frequency (64 or 125 shocks/sec) 
led to the following sequence in the response of the arterial blood pressure: 
first, a small depressor effect; then with slightly stronger stimulation a pressor 
response; and finally, with further increase in the intensity of stimulation, 
a large depressor response (Fig. 1). The initial depressor response was obtained 
only with stimuli which lay within a very narrow range of intensity. The 
extent of the fall of blood pressure was usually between 5 and 10 mm Hg. In 
one decerebrate cat it was 16 mm Hg. Respiration was not affected by this 
weak stimulation; respiratory stimulation appeared, however, with the onset 
of the pressor response and was maximal with a stimulus intensity that 
produced the maximal pressor effect. The greatest respiratory stimulant effect 
was always seen during application of the stimulus, but in many animals 
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increased respiratory movements persisted for some time after stimulation had 
ceased. This secondary response occurred in animals breathing normally and 
also in others with open chest and artificially ventilated. It was never marked 
in the normally breathing animals, probably because the increased amount of 


CO, washed out of the lungs during stimulation tended to reduce respiratory 
centre activity. 


mm Hg 


0-2 1-5 8 
Stimulus intensity (V) 


Fig. 1. Cat. Decerebrate: open chest, artificial ventilation. Tracings from above down are: 
(I) spontaneous respiratory movements (stethograph ; inspiration downwards) ; (II) systemic 
B.P.; (III) 10 sec time marker; (IV) stimulus marker. The figure shows responses to stimula- 
tion of the right carotid sinus nerve with increasing stimulus intensities. The frequency of 
stimulation was 64 shocks/sec and the pulse width 0-13 msec throughout the record. 


In three decerebrate and four anaesthetized cats the initial depressor 
response was absent: the feeblest effective stimuli resulted in a pressor response 
and in stimulation of respiration. Sometimes pure pressor responses did not 
occur but the responses were diphasic. In such instances blood pressure first 
rose during stimulation and then fell. When the stimulus intensity was further 
increased the pressor component diminished and the response became more 
purely depressor. In one decerebrate cat no pressor responses were seen with 
any of the stimuli from threshold to maximal intensity, but stimuli of inter- 
mediate intensity gave depressor responses feebler than were obtained with 
the weaker and stronger stimuli. The sequence of events was similar to that 
sometimes seen on stimulation of the aortic nerve, which is illustrated in 
Fig. 4. 
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Frequency of stimulation. The effect of varying the frequency of stimulation 
was tried for the three blood-pressure responses evoked by the various inten- 
sities of stimulation. The initial depressor responses to feeble stimulation were 
generally so small that the relationship between stimulus frequency and the 
blood-pressure response could be determined with accuracy in only one experi- 
ment. In this experiment, which was carried out on -a decerebrate cat, the 
greatest fall in blood pressure was obtained with a frequency of 64 shocks/sec. 
Raising the frequency to 125 or 250 shocks/sec did not appreciably enhance 
the response. Lowering the frequency from 64 shocks/sec diminished it, and 
below a frequency of 16 shocks/sec no effect was detected. 

With stimuli of a strength causing pronounced pressor responses detectable 
rises in blood pressure were usually obtained at frequencies as low as 
2-4 shocks/sec. In order to obtain maximal rises the frequency had to be 
increased to 16 shocks/sec in some cats, and to 32 shocks/sec in others. With 
a further increase in the frequency of stimulation the pressor responses usually 
became smaller (Figs. 2, 3). 

With the strong stimuli which gave maximal depressor responses, a depressor 
effect was usually detectable at frequencies as low as 1-2 shocks/sec; the effect 
increased as the frequenoy of stimulation increased up to about 64 shocks/sec; 
a further increase in frequency to 125 or 250 shocks/sec did not lead to a further 
increase in the depressor response. . 

The graphs of Fig. 3 illustrate how the different blood-pressure responses 
varied with the frequency of stimulation when the stimulus intensity was 
optimal for depressor or pressor effects. With such stimulus intensities it can be 
seen that frequency variation caused only quantitative differences. On the 
other hand, when stimuli were used of an intensity giving mixed or ill-defined 
responses, (e.g. between 1-5 and 8 V in Fig. 1), frequency change often caused 
the blood-pressure response to change in sign. In such experiments the lower 
frequencies caused pressor effects and the higher frequencies caused depressor 
effects. 

With stimuli of pressor intensity the respiratory response occurring during 
stimulation was maximal at frequencies about 16-32 shocks/sec, and in any 
one cat the frequency causing a maximal respiratory response was also that 
which had the greatest pressor effect. Frequencies of stimulation above 
32 shocks/sec tended to lessen the respiratory response and there was usually 
a fair parallelism between respiratory and pressor effects (Figs. 2, 3). 

With stimuli of maximal depressor intensity the respiratory response to 
frequency changes was similar to that just described for the pressor stimulus: 
the frequency causing the maximal respiratory response lay again between 
16 and 32 shocks/sec, i.e. at a frequency well below that causing the maximal 
depressor response. 

In most experiments respiration was excited by frequencies of stimulation 
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Stimulus frequency (shocks/sec) 

Fig. 2. Cat, Urethane: tracings from above down are: (I) respiratory movements (phrenograph ; 
inspiration upwards) ; (II) systemic B.r., (III) 10 sec time marker; (IV) stimulus marker. The 
figure shows responses to stimulation of the right carotid sinus nerve at different frequencies 
with a stimulus of 4 V and 0-13 msec pulse width. 


> +40 
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Stimulus frequency (shocks/sec) | 
; Fig. 3. Carotid sinus nerve experiments, Graph showing the variation of initial depressor ( x), ; 
¢ pressor (©) and final depressor (@) responses with frequency of stimulation. Each series was 
1 obtained using a stimulus of constant intensity. The initial depressor responses were obtained 
] with a stimulus of 0-5 V, the pressor responses with 2-0 V and the final depressor responses 


with 8 V. The pulse width of each stimulus was 0-13 msec. The values (©) and (@) were from 
a cat under urethane. The values (x) from a decerebrate cat. The respiratory stimulant 


effects accompanying the pressor responses are expressed in arbitrary units by the curve 
A—A. 
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below those effective in influencing the blood pressure as shown in Fig. 3, but 
exceptionally the blood-pressure response was the more evident at low 
frequencies. 

The secondary respiratory response increased with frequencies higher than 
those optimal for the response seen during the stimulus. We have not examined 
closely the relationship between frequency and the magnitude of the secondary 


response. 


4 
Stimulus intensity (V) 


Fig. 4. Cat. Urethane: tracings from above down are: (I) respiratory movements (stethograph, 
inspiration downwards); (II) systemic B.P.; (III) 10 sec time marker; (IV) stimulus marker. 
The figure shows responses to stimulation of the left aortic nerve with increasing stimulus 
intensities. The frequency of stimulation was 64 shocks/sec throughout, and the pulse width 
0-13 msec, 


Aortwe nerve 

The left aortic nerve was stimulated with shocks of various intensities and 
frequencies in four decerebrate and nine anaesthetized cats. 

Intensity of stimulation. Stimuli of constant frequency (either 64 or 
125 shocks/sec) were again used. Apart from the fact that strong depressor 
activity was obtained with weak stimulation in all experiments, the results 
obtained on aortic nerve stimulation were similar to those found on carotid 
sinus nerve stimulation. In two decerebrate and five anaesthetized cats in- 
creasing the intensity of stimulation produced first depressor; then pressor ; 
and finally, depressor responses. The small depressor effects obtained by 
stimulation at threshold intensity grew with increasing stimulus strength to 
become falls of 20-40 mm Hg. Further increase in stimulus strength either 
caused this depressor effect to diminish (Fig. 4) or, more often, to change 
to a pressor response as in the carotid sinus nerve experiments illustrated 
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by Figs. land 2. Finally, with strong stimulation, clear-cut depressor responses 
were again produced. Sometimes these responses were preceded by a small 
pressor effect. 

With the initial depressor response produced by feeble stimulation there 
was either no change in respiration or a decrease in the amplitude of the 
respiratory movements. However, on increasing the stimulus strength to 
cause the initial depressor response to diminish, or to evoke a pressor response, 
an excitant effect on respiration was always observed. 

As was found in the carotid sinus nerve experiments, the growing pressor 
effect of the stimulus was paralleled by the growing respiratory stimulant 
effect; so that when the stimulus was maximally pressor (or minimally 
depressor in those experiments such as shown in Fig. 4 where there was not 
a frank pressor response) it was also maximally excitant on respiration. The 
strong stimulation causing depressor effects did not cause any further appre- 
ciable change in the strong respiratory response. 

Frequency of stimulation. With feeble stimuli, sufficiently strong to elicit 
a depressor response but not strong enough to stimulate respiration, the 
threshold frequency varied in different cats from 8 shocks/sec to 32 shocks/sec 
and was usually 16 shocks/sec. With increasing frequency the depressor 
response grew and reached its maximum at a frequency of 64-125 shocks/sec. 
Increase in the frequency to 250 shocks/sec did not cause any further change 
in the response. A typical experiment is illustrated in Fig. 5 (crosses). 

With stimuli of intermediate intensity causing maximal pressor responses, 
effects were obtained at frequencies from 2 shocks/sec to 250 shocks/sec. 
Maximal responses were obtained with frequencies from 16 to 32 shocks/sec. 
Frequencies higher than this tended to diminish the response. A representa- 
tive experiment is illustrated in Fig. 5 (open circles). 

With strong stimuli, depressor responses were obtained with frequencies as 
low as 1 shock/sec and reached a maximal value at 64 or 125 shocks/sec 
(Fig. 5, closed cireles). 

With stimuli of intensity between those found to give clear-cut pressor 


or depressor effects, variation in the sign of the response occurred with 


variation in frequency as happened in the carotid sinus nerve experiments. 
Once more, the higher frequencies favoured the appearance of depressor 
responses and the lower frequencies pressor responses. The effect is illustrated 
by Fig. 6. 

The influence of the frequency of stimulation on the respiratory effects of 
stimuli of intermediate or strong intensities was similar to that found in the 
carotid sinus nerve experiments. With both intensities of stimulation the 
threshold for respiratory effects was about that for the blood-pressor responses, 
and the maximal respiratory effect was seen when the frequency of stimulation 


was about 16-32 shocks/sec. 12-2 
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Fig. 5. Aortic nerve experiments, Graph showing the variation of initial depressor ( x), pressor 
(©) and final depressor (@) responses with frequency of stimulation. Each series was 
obtained using a stimulus of constant intensity. The initial depressor responses were obtained 
with a stimulus of 1 V, the pressor responses with 4 V and the final depressor responses with 
8 V. The pulse width of each stimulus was 0-13 msec. The values were all obtained on ure- 
thanized cats, ( x ) and (@) from one cat and (©) from another cat. The respiratory stimulant 
effects accompanying the pressor responses are expressed in arbitrary units by the curve 
A—A. 


Stimulus frequency (shocks/sec) 
Fig. 6. Cat. Urethane: open chest, artificial ventilation. Tracings from above down are: (1) sys- 


temic B.P.; (II) 10 sec time marker; (II) stimulus marker. The figure shows reversal of the 
response to stimulation of the left aortic nerve with change in frequency. The intensity of the 
stimulus (6 V and 0-13 msec pulse width) lay between those optimal for pressor and for final 
depressor responses. 
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Effects of hypo- and hyperventilation on the responses of the carotid sinus and 
aortic nerves. The blood-pressure responses to sinus or aortic nerve stimulation 
were found to depend to a certain extent on the state of ventilation of the 
animal. In one urethanized cat the response to stimulation of the left aortic 
nerve changed from depressor to pressor as the experiment progressed without 
the intensity or frequency of the stimulus being altered. This happened when 
the artificial ventilation had become insufficient, and very vigorous breathing 
movements were present. When ventilation was increased the effect of aortic 
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Fig. 7. Cat. Urethane: open chest, artificial ventilation. Tracings from above down are: (I) 
systemic B.P.; (II) 10 sec time marker; (III) stimulus marker. The figure shows the effect of 
changes in ventilation on the responses to stimulation of the left aortic nerve at 8 V and 
0-5 msec pulse width at 64 shock/sec. During records (a) and (c) the cat was over-ventilated, 
during (b) and (d) it was under-ventilated. The responses were obtained consecutively. 


nerve stimulation became again depressor, and by varying the degree of 
ventilation, the response to the same stimulus could be made pressor or 
depressor (Fig. 7). In four other cats the effect of under- and over-ventilation 
was tried. In two anaesthetized cats no reversal of any of the responses could 
be brought about by changes in ventilation, but in one anaesthetized cat and 
one decerebrate cat, a reversal of the effect of aortic nerve stimulation occurred 
when a stimulus was used just strong enough to elicit a final depressor response. 
Stronger stimuli giving more pronounced depressor responses gave no pressor 
effects even on gross under-ventilation. 


DISCUSSION 
Assuming that the excitability of nerve fibres varies with their diameters, our 
results indicate that in the aortic nerve there are three distinguishable groups: 
large depressor fibres, smaller pressor fibres, and depressor fibres similar in 
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size or yet smaller than the pressor fibres. Fig. 8 shows a schematic fibre 
population which could account for our results. The aortic nerve of the cat is 
known to contain barosensory fibres responsible for the classical depressor 
reflex on change of the intra-aortic pressure, and chemosensory fibres from the 
aortic glomus whose activity causes a rise in blood pressure and stimulation of 
respiration (Gernandt, 1946). Hence the simplest explanation of our results is 
that the pressor effects (always accompanied by increased respiration) are 
attributable to the chemosensory fibres and the depressor effects to barosensory 
fibres. The depressor effects seen with feeble stimulation and the pressor effects 
with somewhat stronger stimulation tally with Paintal!’s (1953) conduction 
velocity experiments, which have shown the presence of large barosensory and 
somewhat smaller chemosensory fibres in the cat’s vagus and depressor nerves. 


Volts increase 
Fig. 8. A summary of the respiratory and blood-pressure responses seen on stimulating the aortic 
nerve with increasingly stronger stimuli, and a schematic nerve fibre population which could 
account for the effects. The closed circles (@) represent pressor (and respiratory excitant) 
fibres. The open circles (©) represent depressor fibres. 


His study, however, revealed no small barosensory fibres which would account 
for the depressor effects we have seen with high intensity stimulation. 
His experiments do not exclude the possibility that these small depressor 
fibres are barosensory for they may be smaller than any of those from which 
Paintal was able to record. Recently small depressor fibres have been found in 
the rabbit’s aortic nerve whose excitability threshold is similar to that of the 
cat’s aortic nerve fibres, and which conduct at 1 m/sec or less (Douglas, 
Ritchie & Schaumann, 1956), whereas the smallest fibres observed by Paintal 
conducted at 3 m/sec. On the other hand, these small depressor fibres in the 
cat’s aortic nerve may not be barosensory fibres, but fibres serving one or 
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_ other of the well-known reflexes from the heart and lungs reviewed by Dawes 
& Comroe (1954). The demonstration that there are small depressor fibres of 
similar excitability in the carotid sinus nerves would, however, favour the 
view that they are baroreceptors—or at least fibres originating in the great 
vessels. 

To judge from the effects of electrical stimulation, the carotid sinus nerve 
would seem to differ from the aortic nerve in its fibre constitution. The absence 
of substantial depressor responses to weak stimulation, which was noted 
previously by Douglas e al. (1950), has been confirmed in the present 
investigation: and any doubt that the earlier result was attributable to 
anaesthesia or inappropriate stimulus frequency has been removed. In other 
respects, the results obtained on stimulating the two nerves are similar. Using 
she same conditions of stimulation the stimulus intensities evoking the pressor 
(respiratory excitant) and high threshold depressor reflex were indistinguish- 
able. The carotid sinus nerve, like the aortic nerve, is known to contain large 
barosensory fibres. It is not at all obvious why we should be able to demon- 
strate with any regularity depressor activity attributable to large fibres only 
in the aortic nerve. Perhaps the answer lies in the number of large fibres being 
different in the two nerves. De Castro’s (1951) figures suggest that less than 
3% of the medullated fibres in the carotid sinus nerve are of the very large 
type. We have no figures for the cat’s aortic nerve, but it may contain more. 
There is an alternative possibility, namely, that the large barosensory fibres in 
the carotid sinus nerve are not depressor, but play a part in the other effects of 
sinus distension on central nervous activity (see Koch, 1931; Schweitzer, 1936; 
Dell, 1952). It is noteworthy that among splanchnic afferents it is the largest 
which induce the primary cortical responses (Amassian, 1951). 

Our results on stimulation of the carotid sinus and aortic nerves in cats 
under urethane anaesthesia or decerebrate, in which a pattern of three dis- 
tinct responses was usually obtained, are in contradiction to those seen by 
Neil et al. (19494, 6) on the decerebrate or normally nembutalized cat. They 
found only depressor effects in such preparations. The fact that they did not 
observe the pressor responses to intermediate intensity stimulation or the 
depressor effects with feeble stimulation in such preparations is probably due 
to their using different stimulus parameters. Their observation, that a pressor 
response to carotid sinus nerve or aortic nerve stimulation occurring in chlora- 
lose anaesthesia sometimes changed to a depressor response when the pulse 
duration of the stimulus was increased, might have its explanation in the 
pattern of depressor and pressor fibres which is envisaged for the carotid sinus 


nerve in the present paper and in the previous papers by Douglas et al. (1948, _ 


1950) and. the fibre population which we now suggest for the aortic nerve. 
However, the effect they obtained on the aortic nerve was caused by changing 
from a 1 msec pulse delivered 70 times per second, to 10 msec pulse delivered at 
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the same rate (that is to say, that during the period of stimulation current was 
passed for 10 out of each 14 msec). Such stimulation readily produces repeti- 
tive firing in the fibres in this nerve (Douglas & Ritchie, unpublished), and the 
reversal they observed may be due to this rather than to excitation of fibres 
with a higher threshold. 

The relationship found between the frequency of stimulation and the 
depressor effects obtained with feeble stimulation probably gives a good 
indication of the frequency/response characteristic of the large fibre depressor 
mechanism. These fibres apparently only cause depressor effects when 
excited at frequencies about 16 shocks/sec, and exert their greatest effect at 
64-125 shocks/sec. 

The frequency/response characteristics of the smaller fibre mechanisms are 
not so readily determined, for these, whether pressor or depressor, have not 
been selectively stimulated. Some insight into their characteristics can be 
arrived at, however, by comparing the curves obtained at intermediate or high 
intensity stimulation with those obtained using feeble stimulation. When this 
is done, it becomes clear that the pressor fibres which are excited with inter- 
mediate intensity of stimulation exert their effects on blood pressure and 
respiration at comparatively low rates of firing. The lowest rate at which these 
effects were seen was about 1-4 shocks/sec and optimal responses were obtained 
at about 16 shocks/sec. The latter figure may underestimate the true optimum, 
for higher frequencies certainly introduce increasing depressor activity from 
the large fibres which are simultaneously stimulated. However, the optimal 
frequency for the pressor fibres is certainly less than that for the large depressor 
fibres, for pressor responses were often replaced by depressor effects on increas- 
ing the rate of stimulation. 

It is obviously not safe to try to extract much information on the behaviour 
of the small fibre depressor mechanism from the curves obtained with yet 
higher intensity stimulation which involves the simultaneous excitation of the 
three functional fibre groups, but the comparatively low frequency required to 
give depressor effects with such stimuli suggests that these small depressor 
fibres are effective at considerably lower frequencies than the large depressor 
fibres. This raises the possibility that the different-sized depressor fibres are 
associated with the production of effects within the central nervous system 
with different time constants, the large fibres giving short-lived effects and the 
small fibres causing longer lasting changes. It should be pointed out that so 
far there is no direct evidence that the receptor functions of the large and 
small barosensory fibres are essentially different (Landgren, 1952). 

It is an old observation that the vasomotor response to stimulation of 
a somatic nerve may vary in sign with the frequency of the stimulus (Gruber, 
1917; Ashkenaz, 1939), and that low-frequency stimulation favours depressor 
effects and high-frequency pressor effects. Our results show that the response 
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to stimulation of the carotid sinus and aortic nerves may also change with 
stimulus frequency, but in the opposite way; for pressor responses to low- 
frequency stimulation are changed to depressor effects when the stimulus 
frequency is increased. The phenomenon of ‘reversal’ in somatic nerve experi- 
ments has been ascribed to greater temporal summation of impulses at higher 
frequency or to the presence in these nerves of fibres of different qualities (see 
Gordon, 1943). The reversals seen on changing the frequencies of stimulation 
of the carotid sinus and aortic nerves seem to result from the different fre- 
quency/response characteristics of the depressor and pressor mechanisms asso- 
ciated with these nerves. Frequency change had no qualitative effect when 
depressor fibres alone were excited, nor when a preponderance of pressor fibres 
or small depressor fibres were excited, but only when the intensity of the 
stimulus was in a range which stimulated a balance of the depressor and 
pressor fibres. 

That the blood-pressure response to stimulation of the aortic nerve might, 
as we observed, be changed from a fall to a rise by underventilation seems most 
likely owing to asphyxia disturbing the balance between the pressor and 
depressor components simultaneously excited, in such a way as to favour the 
former. An analogous observation was made by Stewart & Pike (1907). They 
found that after clipping the arteries to the brain, to cause the disappearance 
of the depressor effect of central vagus stimulation, and subsequently restoring 
circulation, the first effect of vagal stimulation during recovery was a pressor 
response and only later did the normal depressor effect reappear. 


SUMMARY 


1. The blood pressure and respiratory responses to electrical stimulation of 
the carotid sinus and aortic nerves have been studied in cats under urethane 
anaesthesia or decerebrated. The effects of stimuli from threshold to maximal 
effective intensities and of frequencies of 1 shock/4 sec to 350 shocks/sec were 
determined. 

2. Stimulation of the aortic nerve at low intensity caused a substantial 
depressor effect accompanied by no change or a slight inhibition of respiration. 
Somewhat stronger stimulation usually led to pressor effects accompanied by 
respiratory excitation. Still stronger stimulation caused the reappearance of 
depressor effects without further perceptible change in respiration. 

3. These effects were considered to indicate the presence in the aortic nerve 
of large depressor fibres, small pressor fibres, and small depressor fibres—these 
last being probably yet smaller than the pressor fibres. 

4. Experiments have been made to test how the initial depressor, the 
pressor and the final depressor responses obtained with the different intensities 
of stimulation of the aortic nerve vary with the frequency of the stimulus. The 
low threshold depressor effect was just detectable at about 16 shocks/sec and 
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maximal at 64-125 shocks/sec. The pressor effects were first obtained with rates 
of 1-4 shocks/sec and were maximal at about 16 shocks/sec. The depressor 
effect from high intensity stimulation was threshold at 1-2 shocks/sec and 
maximal at about 64-125 shocks/sec. These results indicate differences in the 
frequency/response characteristics of the reflexes served by different fibres. 

5. The respiratory responses accompanying the pressor and the final depres- 
sor effects from aortic nerve stimulation usually showed two phases; a primary 
phase during the application of the stimulus, and a secondary response 
occurring after stimulation had ceased. The primary phase was threshold at 
about 1 shock/sec and maximal at about 16 shocks/sec. The secondary phase 
continued to grow with increasing frequencies above 16 shocks/sec. 

6. The results obtained on electrical stimulation of the carotid sinus nerve 
were similar, except that depressor activity attributable to large fibres was not 


regularly obtained. 
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DEPRESSOR REFLEXES FROM MEDULLATED AND NON- 
MEDULLATED FIBRES IN THE RABBIT’S AORTIC NERVE 


By W. W. DOUGLAS, J. M. RITCHIE ann W. SCHAUMANN* 


From the Natwonal Institute for Medical Research, Mill Hill, 
London, N.W. 7 


(Received 4 January 1956) 


It is commonly believed that the reflex fall in systemic blood pressure which 
results from electrical stimulation of the aortic nerve is due to excitation of the 
barosensory fibres. However, Douglas & Schaumann (1956) concluded from 
their experiments on the reflex effects of electrical stimulation of the cat’s 
aortic nerve that this nerve must contain additional depressor afferents smaller 
than any barosensory fibres that have been recognized in it. These small 
afferents are not easily characterized in the cat because its aortic nerve is 
enclosed in the vagus throughout the greater part of its course. In the rabbit, 
on the other hand, the aortic nerve runs freely in the neck and is thus par- 
ticularly suitable for experiments to correlate the reflex depressor effects 
obtained on stimulation of this nerve with its fibre components. Our study has 
revealed two distinct groups of afferents in the aortic nerve of the rabbit, both 
of which reflexly lower the blood pressure. The first group is composed of fast- 
conducting fibres and contains the known barosensory afferents. The second 
group is made up of much smaller fibres which appear to be non-medullated, 
and whose reflex depressor effects are long-lasting and powerful. Non-medul- 
lated afferents have not previously been demonstrated in the buffer nerves. 
At present we do not know the nature of their receptors. 


METHODS 


Adult lop-eared rabbits were used and anaesthetized with 1-6-1-8 g/kg urethane given as a 25% 
solution into the marginal ear vein. Some animals required a further injection of the anaesthetic 
during the experiment. The right and left carotid arteries were tied, and the two vagi and both 
sympathetic nerves were sectioned. The right or left aortic nerve was identified as it joined one or 
other superior laryngeal nerve, and dissected downwards and cut a few centimetres from this 
junction. The freed nerve was placed on a pair of silver-silver chloride electrodes (about 3-4 mm 
inter-electrode distance) for stimulation, and kept in a liquid paraffin bath made by suitable 
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t of the skin flaps. The nerve was stimulated with rectangular pulses of 0-1 msec 
duration delivered through an R.F. unit (Schmitt, 1948). The duration of each burst of stimuli was 
4 sec and was controlled by an electronic gate circuit. The frequency used for stimulation could be 
continuously varied, but usually frequencies in the geometric series 1, 2, 4, 8, etc. shocks/sec were 
used. The electrical activity set up in the nerve by the stimuli (which were applied at the central 
end of the dissected stretch of nerve) was recorded monophasically by means of silver or platinum 
electrodes at the cut end and amplified by a directly coupled amplifier, displayed on a cathode-ray 
tube and photographed. The nerve between stimulating and recording electrodes was earthed 
through a silver plate. 

Systemic blood pressure was recorded by & mercury manometer on a smoked drum from 
a femoral artery or from one of the carotid arteries. 


RESULTS 

The relation between the depressor response and the intensity of stimulation 
Experiments were carried out with a frequency of stimulation of 128 shocks/sec 
because it was found that the effects produced with this frequency of stimula- 
tion were large and usually maximal for any given stimulus intensity. Using 
this frequency the intensity of stimulation required to produce a maximal 
depressor response was many times stronger than that causing the first 
detectable depressor response. For example, with a pulse duration of 0-1 msec 
the ratio of threshold to maximal effective intensity was usually greater than 
20:1. Furthermore, when the intensity of stimulation was gradually increased 
from threshold, the depressor response became at first progressively greater, 
but then remained constant over a substantial range of stimulus intensities. 
This response, however, was not yet maximal, for a further increase in the 
strength of stimulation beyond a critical intensity caused an abrupt increase 
in the extent and duration of the depressor effect. This discontinuity is 
illustrated in Figs. 1 and 2, and strongly suggests the presence in the 
aortic nerve of two groups of depressor fibres with different electrical 
excitabilities. 

The relation between depressor response and stimulus intensity at different 
frequencies of stimulation, i.e. at 8, 16, 32 and 64 shocks/sec, is illustrated in 
Fig. 3. With all frequencies there occurred a discontinuity in the response/in- 
tensity curve at the same critical stimulus intensity. Below this critical 
intensity the depressor response fell away rapidly with a decrease in the 
frequency of stimulation and at 8 shocks/sec a response was no longer obtained. 
On the other hand, above this critical intensity of stimulation, when the 
frequency of stimulation was lowered from 64 to 8 shocks/sec there was scarcely 
any change in the large depressor responses obtained. Fig. 4 illustrates 
further the changes in the depressor response on stimulation of the aortic 
nerve with different frequencies above (solid circles) and below (open circles) 


the critical intensity. Above the critical intensity the depressor response fell 


off only when the frequency became lower than 8 shocks/sec. 
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These findings suggest not only that two groups of depressor fibres are 
present in the aortic nerve, but also that the depressor responses elicited by 


these two groups of fibres vary with frequency of stimulation in quite different 
ways. 


10 10 13-5 20 


Fig. 1. Arterial blood pressure of a rabbit under urethane anaesthesia. Reflex depressor responses 
to progressively stronger stimulation of the cut central end of an aortic nerve. Each 
is to a 4 sec burst of shocks (0-1 msec duration) at a frequency of 128 shocks/sec. Strength 
of stimulus is indicated below in arbitrary units. 
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Fig. 2. The relationship between stimulus intensity and reflex depressor response to stimulation of 
the central end of a rabbit’s aortic nerve (same experiment as Fig. 1). Each point represents 
the peak blood pressure fall in response to a 4 sec burst of shocks (0-1 msec duration) at 


a frequency of 128 shocks/sec. 
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Fig. 3. The relationship between stimulus intensity and reflex depressor response to stimulation 
of the central end of a rabbit’s aortic nerve at different frequencies of stimulation. Each point 
represents the peak blood-pressure fall in response to a 4 sec burst of shocks (0-1 msec dura- 
tion). Solid circles: 64 shocks/sec.; open circles: 32 shocks/sec; crosses: 16 shocks/sec; half- 
closed circles: 8 shocks/sec. - 
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Frequency of stimulation (shocks/sec) 

Fig. 4. Relationship between the depressor response to stimulation of a rabbit’s aortic nerve and 
the frequency of stimulation. Each point represents the peak blood-pressure fall, expressed 
as @ percentage of the maximal response, following a 4 sec burst of shocks each of 0-1 msec 
duration. The responses to low intensity stimulation are represented by the open circles and 


Fall in blood pressure (% of maximum fall) 


those to high intensity stimulation by the closed circles. 
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The relation between the depressor responses and the action potentials 
: set wp im the aortic nerve 

The presence of two groups of depressor fibres in the aortic nerve was 
demonstrated by the compound action potentials set up in this nerve with 
different intensities of stimulation. When the compound action potentials were 
correlated with the depressor effects simultaneously evoked, it was found that 
stimuli below the critical intensity, i.e. below the point of discontinuity on the 
intensity response curves of Fig. 3, excited a group of depressor fibres the 
fastest of which conducted at a rate of 20-40 m/sec at 37° C. These fibres are 
those studied by Bishop, Heinbecker & O’Leary (1934) and by O’Leary, 
Heinbecker & Bishop (1934) and belong to the A group of Gasser & Erlanger 
(1937). The action potentials of this group became maximal with intensities of 
stimulation well below the critical intensity and remained unchanged when 
stimulation was increased above the critical intensity. There was no sign of 
repetitive firing even with the strongest stimuli used. Nevertheless, the depres- 
sor response increased with these stronger stimuli. This could only mean that 
another group of depressor fibres was excited. Their action potentials were 
revealed when records were made on a slower time scale. Then it was seen that 
the stronger stimuli excited an additional group of fibres which conducted at 
about 1 m/sec or less at 37° C. These fibres are most probably non-medullated 
‘C’ fibres. In order to demonstrate clearly the depressor effects produced by 
their activity, stimulation at a low rate (16 shocks/sec or less) was used since, 
at such frequencies, stimulation of the A fibres had little effect on the blood 
pressure. The result of such an experiment is shown in Fig. 5, where the action 
potential and blood-pressure responses to moderate and strong stimulation 
are compared. The effects of moderate stimulation are shown at a and c, and 
those of strong stimulation at b and d. Whereas the action potential evoked in 
the aortic nerve by the moderate stimulus (Fig. 5a) consisted of a single wave 
resulting from excitation of the A fibres, the strong stimulus led to an addi- 
tional late potential caused by excitation of the slow conducting C fibres 
(Fig. 55). With the moderate stimulus all A fibres were excited, therefore the 
large increase in the depressor effect shown in c and d, Fig. 5, must have been 
the result of the additional excitation of the C fibres. Crushing the aortic nerve 
between the point of stimulation and its junction with the superior laryngeal 
nerve abolished the depressor responses. 


Comparison of the depressor responses caused by stimulation of A and C fibres 

Further evidence that it is the C fibre activity which is responsible for the 
large depressor effects seen with strong stimuli was obtained when the A and C 
fibre activity was correlated quantitatively with the depressor response. In 
these experiments the intensity of stimulation of the aortic nerve was increased 
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in steps and at each intensity the depressor response and the areas of the 
A and C potentials were measured. Such area measurements of action poten- 
tials give some indication of the number of fibres activated. An experiment of 
this kind is illustrated in Fig. 6a and b. The frequency of stimulation was 
16 shocks/sec. There was no correlation between the growth of the A potential 
and the depressor response, which remained feeble even when the maximal A 


d 
Fig. 5. The relationship between the depressor response to stimulation of the central end of 
a rabbit’s aortic nerve and the action potentials set up in the nerve. (a) and (6), action 
potentials: (a) to moderate intensity stimulation, only medullated fibres excited; (b) to 
stronger stimulation, both medullated and non-medullated fibres excited: (c) and (d), blood- 
pressure responses, each to a 4 sec train of shocks at 16 shocks/sec: (c) only medullated fibres 
excited as in (a); (d) both medullated and non-medullated fibres excited as in (5). 
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Fig. 6. The effect of varying the intensity of stimulation on the action potentials in the aortic 
nerve and the reflex depressor responses. Solid circles represent the peak fall of systemic 
blood pressure in response to a 4 sec burst of shocks (0-1 msec duration) at a frequency of 16 
shocks/sec. Triangles represent the area of the monophasic A potential. Crosses represent the 
area of the first phase of the diphasic C potential. 
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potential was reached (Fig. 6a). On the other hand, the increase in C fibre 
activity paralleled the blood-pressure response (Fig. 6b). 

In the experiment of Fig. 6 the frequency of stimulation was 16 shocks/sec 
and excitation of the A fibres at this frequency has only a weak depressor effect. 
With higher frequencies of stimulation of the A fibres pronounced depressor 
effects were obtained. These differed, however, from those produced by excita- 
tion of the C fibres in the time course of recovery after cessation of stimulation. 


100 


a 


Area of kymographic responses (arbitrary units) 


1 4 16 64 256 
Frequency of stimulation (shocks/sec) 


Fig. 7. The relationship between the areas of the kymographic depressor responses and the 
frequency of stimulation of a rabbit’s aortic nerve stimulated by a 4 sec burst of shocks each 
of 0-1 msec duration. Open circles: responses to moderate intensity stimulation (A fibres only). 
Closed circles: responses to high intensity stimulation (A and C fibres together). Insets are 
the blood-pressure responses: a, to stimulation of the A fibres at 128 shocks/sec; and c, to 
stimulation of A and C fibres together at 16 and 4 shocks/sec respectively. The vertical bar in 
inset 6 indicates 15 mm Hg. The horizontal bar indicates 1 min. The mean initial blood 
pressure for each of the inset records was just above 80 mm Hg. 


Recovery was quick after stimulation of the A fibres and slow after stimulation 

of the C fibres. This is illustrated in Fig. 7. The inset a shows the maximal blood- 

pressure response obtained with stimulation of A fibres alone, and the inset 6 

that obtained with stimulation of A and C fibres together. The slow recovery 

Seen at b was not the result of the greater fall in arterial blood pressure, but 
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was an after effect of stimulation of the C fibres because the same delay of 
recovery occurred, as shown in inset c, when the aortic nerve was stimulated 
at a low frequency which gave a fall of much the same size as that caused 
by stimulation of the A fibres alone. 

The great depressor potency of the C fibres becomes evident, as illustrated 
in Fig. 7, when the areas of the recorded depressor responses at different 
frequencies with stimulation of the A fibres alone and with stimulation of the 
A and C fibres together are measured and plotted against the frequency of 
stimulation. This figure again illustrates (cf. Fig. 4) the difference in the 
frequency/response relation of the two fibre systems and shows that the area 
of the depressor response obtained by stimulation of the A fibres reached 
a maximum at 128 shocks/sec, and was negligible below 16 shocks/sec, 
whereas the area of the depressor response obtained by stimulation of the A 
and C fibres together reached a maximum at about 16 shocks/sec and was still 
large at 1 shock/sec. 

One of the factors preventing the reflex fall in blood pressure from con- 
tinuing to increase as the frequency of stimulation is raised might be the 
inability of the nerve to respond to and follow the higher frequencies of stimu- 
lation. To test whether this factor might have influenced our results the aortic 
nerve was stimulated either by single shocks or by bursts at various frequencies 
up to 512 shocks/sec, and monophasic action potential records were taken 
from the peripheral end. Area measurements of the A complex were made. No 
diminution of its area was detectable at 128 shocks/sec: at 256 shocks/sec the 
area was 97%, of its maximum: at 512 shocks/sec it was 80°% (averages of 
three experiments). It is thus difficult to attribute to a failure in the carrying 
power of the nerve the flattening of the curve relating blood pressure fall to 
the frequency of stimulation of A fibres, which always occurred in the region 
of 128 shocks/sec. The frequency/response curves, such as illustrated in Fig. 4, 
thus represent a property of the central neurones or the associated structures 
on the efferent side, and not a property of the afferent nerve fibres. Similar 
experiments on the C fibres failed because at frequencies above 16 shocks/sec 
the normal temporal extent of the C complex (see Fig. 5) caused the successive 
complexes to overlap. 

Summation experiments on excitation of C fibres. Single shocks exciting only 
the A fibres had no effect on the blood pressure, but single shocks strong 
enough to excite the C fibres—and which produced no repetitive firing— 
usually gave small reproducible depressor responses, which in about half the 
experiments were sufficiently large (about 10 mm Hg) to be easily measured 
and to enable summation experiments to be done. In these experiments the 
blood-pressure responses to pairs of maximal shocks given at varying intervals 
were recorded in order to find out how the depressor effects varied with the 
interval between the stimuli. Summation occurred when the interval between 
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the shocks was greater than 4 and less than 2000 msec. Maximal summation 
always occurred when the shocks were separated by an interval of 60-250 msec 
(Fig. 8). 


Response 
of response to single shock) 


4 16 64 256 1024 4096 
Interval between shocks (msec) 


Fig. 8. The relationship between the interval separating two single shocks to a rabbit’s aortic 
nerve and the reflex depressor response. The shocks were strong enough to excite the C fibres. 
Each point represents the peak fall of blood pressure in response to a pair of shocks expressed 
as a percentage of the peak fall produced by a single shock. 
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DISCUSSION 


Our results show that the depressor effects obtained on stimulation of the 
rabbit’s aortic nerve are not only the result of excitation of the medullated A 
fibres which were examined by O’Leary et al. (1934) and Bishop et al. (1934), 
but also of excitation of a group of small fibres conducting at 1 m/sec or more 
slowly. Although we have no histological evidence on the nature of these 
small depressor fibres, their high threshold to electrical stimulation and their 
slow conduction velocity indicate that they are non-medullated, C, fibres. 
The first problem that arises is the reflex function of these small afferents. 
Their occurrence in the aortic nerve, the nerve longest known to act as a modu- 
lator of cardiovascular function by virtue of its barosensory components, 
suggests that they may be barosensory. The fact that they have never been 
identified in action potential records in response to pressure changes could be 
explained by their small size. However, the finding that the depressor effect of 
C fibre stimulation long outlasts the stimulus would seem to argue against 
these C fibres being afferents of function similar to the classical medullated 
barosensory fibres. Rapid adjustment of the systemic blood pressure, as in the 
tesponse to the A group which contains the known barosensory fibres, would be 
thore in keeping with the current concept of a homeostatic mechanism respond- 
ing to rapid changes in systemic blood pressure with equally rapid adjustment 
of vasomotor tone. Thus, the non-medullated afferents in the aortic nerve may 


‘subserve depressor reflexes of another kind. Furthermore, they may originate 


from thoracic regions other than the aortic arch and subclavian artery. 
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Although it is generally believed that the aortic nerves supply fairly restricted 
areas of the aortic arch and subclavian arteries (Tello, 1924; Nonidez, 1935) 
the small afferents may derive from neighbouring structures such as the heart 
or the pulmonary artery and may have escaped histological identification. 
Numerous depressor reflexes are known to originate in the heart and the lungs. 
The evidence for these reflexes has recently been reviewed by Dawes & Comroe 
(1954) and by Aviado & Schmidt (1955). It is interesting to note that Jarisch 
& Zotterman (1948) believe that the depressor effects obtained on stimulation 
of vagal afferents from the heart are due to excitation of small d, or C fibres. 
There is also the possibility that the non-medullated afferents in the aortic 
nerve are visceral nociceptive fibres. Similar small C fibres in the somatic 
nerves are largely devoted to this function (Clark, Hughes & Gasser, 1935). 

It seems unlikely that the aortic nerve C fibres are afferents from the aortic 
bodies. Classically such fibres give pressor effects when excited and, moreover, 
these effects are accompanied by increased respiratory movements, whereas on 
stimulation of the aortic nerve the effect we observed was depressor and never 
accompanied by increased respiratory movements (stimulation of the rabbit’s 
sinus nerve causes the brisk respiratory excitant effect expected of chemo- 
sensory afferents). Indeed it appears that no chemosensory afferents of classi- 
cal type run in the rabbit’s aortic nerve. This conclusion has already been 
arrived at by Schmidt (1932), Gernandt (1946) and by Neil, Redwood & 
Schweitzer (1949), who found that exposure of the rabbit’s aortic region to 
anoxaemia, cyanide, nicotine or lobeline did not cause any respiratory excita- 
tion mediated by the aortic nerves. Furthermore, Gernandt (1946) showed 
that these stimuli failed to elicit any change in the electrical activity of the 
aortic nerve. 

The difference in the depressor effects caused by the large and small fibres in 
the aortic nerve doubtless reflects an intrinsic difference in the mechanisms 
whereby these two groups of depressor fibres exert their effects, because the 
small depressor responses produced by slow stimulation of the C fibres outlast 
comparable falls caused by rapid stimulation of A fibres alone. At present we 
do not know whether the central pathway used by the small fibre reflex differs 
from that of the large, or whether the two fibre groups have actions of different 
time courses on the same central neurones. 

The frequency/response curve of the depressor reflex which is mediated by 
the A fibres in the rabbit’s aortic nerve is similar to that obtained by Douglas 
& Schaumann (1956) for the large depressor fibres of the cat’s aortic nerve: in 
both animals, the response is zero below about 16 shocks/sec and maximal 
about 128 shocks/sec. Although the response is maximal at 128 shocks/sec the 
large aortic nerve fibres in the rabbit were found to carry impulses at much 
higher rates; the factor limiting the response is thus sited in the central or the 
effector mechanism. It is interesting to compare these results with those of 
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Landgren (1952) on the discharge frequencies of large barosensory fibres in 
the cat’s sinus nerve. As he found discharge. rates of 300/sec or more in 
response to large and rapid pressure changes in the sinus, it appears that the 
frequency of afferent bombardment by these fibres may exceed the rate at 
which the centres give their maximal response. On the other hand, the maxi- 
mal adapted rate of firing of the large barosensory fibres in Landgren’s experi- 
ments approximates to the frequency at which stimulation of all the A fibres 
produced their greatest depressor effect in our experiments. Landgren’s 
results and ours are, however, not strictly comparable: for Landgren observed 
the activity of particular fibres, whereas in our experiments, where the nerve 
was stimulated electrically, we studied the responses produced by synchronous 
activity in all the fibres of the A group. The present finding that stimulation of 
the C afferents in the rabbit’s aortic nerve elicits depressor responses, even at 
low rates, has a parallel in Douglas & Schaumann’s (1956) observation that 
slow stimulation of the cat’s aortic nerve caused a fall in blood pressure only 
when high intensity stimulation was used. 

Our finding that there are non-medullated afferents of unknown origin in the 
rabbit’s aortic nerve with powerful reflex depressor effects demands caution 
in ascribing the effects of electrical stimulation of this nerve to excitation of its 
known barosensory components. It furthermore requires a closer study of the 
function of the many non-medullated fibres in the cervical vagus. In this 
nerve Evans & Murray (1954) have found that the non-medullated afferent 
fibres far outnumber the medullated afferents. 


SUMMARY 

1. Experiments were made in which the action potentials set up in the 
rabbit’s aortic nerve by electrical stimulation were correlated with their reflex 
depressor effects. 

2. In addition to the medullated afferent depressor fibres (A fibres) known 
to be present, the aortic nerve contains a large group of small non-medullated 
afferent fibres (C fibres) with powerful reflex depressor activity. 

3. The small C fibres produce their reflex depressor effects at much lower 
frequencies of stimulation than the A fibres. 

4. A single shock which excites the non-medullated C fibres often elicits 
a depressor response. Summation of the reflex effects of two such shocks 
occurs when the interval between them is 4-2000 msec. The summation is 
maximal when the interval is between 60 and 250 msec. 

5. The origin of the non-medullated C fibres in the aortic nerve is unknown: 
the possibility of their participation in barosensory or other known reflex 
effects from the thoracic region is discussed. 


| 
Ls 
D 
al 
e 
h j 
he 4 
of 


198 W. W. DOUGLAS, J. M. RITCHIE AND W. SCHAUMANN 


REFERENCES 


Aviano, D. M. & Scumrpt, C. F. (1955). Reflexes from stretch receptors in blood vessels, heart 
and lungs. Physiol. Rev. 35, 247-300. 
Brsnor, G. H., P. & O'Leary, J. (1934). The of frequency, number of 
im and fibre size in vasomotor responses to vagus an depressor nerve stimulation in the 
rabbit. Amer. J. Physiol. 109, 409-42 
uae D., Hvenss, J. & Gasser, H. 8. (1935). Afferent function in the group of nerve fibres of 
alowest conduction velocity. Amer. J. Physiol. 114, 69-76. 
Dawes, G. 8. & Comrozn, J. H. (1954). Chemoreflexes from the heart and lungs. Physiol. Rev. 34, 
167-201. 


Doveras, W. W. & Scuaumann, W. (1956). A study of the pressor and depressor components of 
the cat buffer nerves using stimuli of different intensities and frequencies. J. Physiol. 132, 
173-186. 

Evans, D. H. L. & Murray, J. G. (1954). cal and functional studies on the fibre com- 
position of the vagus nerve of the rabbit. J. Anat., Lond., 88, 320-337. 

Gasser, H. 8. & Ertanoer, J. (1937). Electrical Signs of Nervous Activity. University of Penn- 

sylvania Press. 

Guryanpt, B. E. (1946). A study of the respiratory reflexes elicited from the aortic and carotid 
bodies. Acta physiol. scand, 11, Suppl. 35. 

Janison, A. & Zorrerman, Y. (1948). Depressor reflexes from the heart. Acta physiol. scand. 16, 
31-51. 

Lanporen, 8. (1952). On the excitation mechanism of the carotid baroreceptors. Acta physiol. 


scand, 26, 1-34. 
Net, E., Repwoopn, C. R. M. & Scouwzrrzmr, A. (1949). Effects of electrical stimulation of the 
aortic nerve on blood and respiration in cats and rabbits under chloralose and 


pressure 

nembutal anaesthesia. J. Physiol. 108, 392-401. 

Nontpez, J. F. (1935). The aortic (depressor) nerve and its associated epithelioid body, the 
glomus aorticum. Amer. J. Anat. 57, 259-302. 

O'Leary, J., Harmvpecker, P. & Bisnor, G. H. (1934). The fibre constitution of the depressor 
nerve of the rabbit. Amer. J. Physiol. 109, 274-286 

Scumipt, C. F. (1932). Carotid sinus reflexes to the yengtitory centre. Amer. J. Physiol. 102, 
94-118. 


Scumirt, O. H. (1948). A radio frequency coupled tissue stimulator. Science, 107, 432. 
Teo, J. F. (1924). Développement et terminaison du nerf dépresseur. T'rab. Lab. Invest. biol. 
Univ. Madr, 22, 295-308. 


I 

| a 

Pp 
G 

Me 
ti 
gel 

sol 
the 
4 mic 
I 
j Ca- 
4 pe 
87° 
boi 
befc 
expe 

at 
at 

Fx 
by I 
(Bou 
stan: 
unky 
to th 


199 


J. Physiol. (1956) 132, 199-212 


INACTIVATION OF THE ANTIDIURETIC ACTIVITY OF 
VASOPRESSIN BY TISSUE HOMOGENATES 


By 8. E. DICKER anp A. L. GREENBAUM 


From the Departments of Pharmacology and Biochemistry, 
University College, London 


(Recewed 11 November 1955) 


It has been shown in a previous paper that the incubation of vasopressin with 
kidney or liver slices results in a partial inactivation of its antidiuretic activity 
(Dicker & Greenbaum, 1954). The present investigation was undertaken with 
a view to securing more information on the mechanism of inactivation. A 
preliminary account of this work has already been published (Dicker & 
Greenbaum, 1955). 

METHODS 


Male albino rats of an average weight of 250 g (range: 180-290 g) were used both for the prepara- 
tion of tissue homogenates and for the antidiuretic assays. For the preparation of tissue homo- 
genates rats were killed by dislocation of the cervical vertebrae. The tissue samples taken were the 
kidneys, a piece of the central lobe of the liver, the upper part of the duodenum, the spleen, or 
a piece of the quadriceps muscle. These were chilled and homogenized in 9 vol. of 0-25 m sucrose 
solution in a Potter & Elvehjem homogenizer (1936) thus giving a tenfold diluted tissue suspension. 
Full homogenates were separated into fractions by centrifuging at 0° C, first at 600 g for 10 min, 
then at 34,000 g for 30 min, in a Sorval high-speed centrifuge. The three fractions were (1) nuclei 
and cellular debris; (2) the particulate fraction, which consisted mainly of mitochondria and larger 
microsomes; and (3) the supernatant fluid. 

Incubations of tissue homogenates (or their fractions) with vasopressin were made in Mg- and 
Ca-free Krebs~Ringer phosphate buffer solution, pH 7-4 (NaCl 0-154 m, 100 parts; KC} 0-154 m, 
4 parts; KH,PO, 0-154 m, 1 part; phosphate buffer (pH 7-4) 0-1 m, 12 parts; gassed with O,) at 
37° C, At the end of the incubation period the reaction was stopped by plunging the tubes into 
boiling water for 3 min. Some of the samples were acidified by addition of 3% (v/v) acetic acid, 
before they were heated, the final concentration of the acetic acid being 0-25%. As some of the 
experiments resulted in the preparation of up to thirty-six samples, these were frozen and stored 
at - 15° C until they could be assayed. Control experiments had shown that preparations frozen 
at - 15° C retained their antidiuretic activities unchanged for periods up to 5 weeks. 

For the assays of antidiuretic activity, rats under ethanol anaesthesia were prepared as described 
by Dicker & Greenbaum (1954). Their water loads were kept constant during the whole experiment 
(Boura & Dicker, 1953). Each assay consisted of the intravenous injection of four doses, two of 
standard and two of test material, the ratio of high to low doses being the same for standard and 
unknown. Each dose was given once in each group of four doses, its position within the group 
being chosen at random. The assessment of the antidiuretic effect for each dose was done according 
to the method described previously (Dicker, 1953). 
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Drugs. Pitressin (Parke, Davis and Co.) was used for the incubation with tissue homogenates 
and as standard for the estimation of antidiuretic effects. 

Definitions. mU =milliunit; =microunit <activity of ml. Vasopressin B.P. The anti- 
diuretic activity of the drug Pitressin has been referred to throughout as ‘ vasopressin’. 8, = super- 
natant fluid obtained after centrifuging the tissue suspension at 600 g; it contained mitochondria 
and microsomes, but no nuclei or cellular debris. MM =the particulate fraction = mitochondria and 
the larger microsomes; S,=supernatant fluid remaining after the mitochondria and the larger 
microsomes have been removed. Although this fraction (S,) still contained the smaller microsomes, 
it is referred to as the ‘particle-free’ supernatant fluid. 


RESULTS 


The validity of the results depended primarily on the accuracy of the method 
for assaying the antidiuretic activities of the preparations. This was, therefore, 
tested first. In a series of six assays in which both standard and test solutions 
had the same concentration of vasopressin, the mean amount of antidiuretic 
activity of the test solution represented 99°% (range: 88-110%) of its stated 
potency (Table 1). In another series of six assays, where the test solution 


TaB_e 1, Assays of test solutions containing known amounts of vasopressin 


Stated potency Standard solution Results of indi- expressed as 
of test solutions of vasopressin vidual Mean and s.z. percentage of 
(»#U/0-1 ml.) (wU/0-1 ml.) (#U/0-1 mi.) 
I 20-0 20-0 21-5 


22-0 19-80-79 99 


15-6 16-340-61 109 


Ill 5-0 20-0 2-0 
48 3-8+0-93 76 


Each assay was estimated as a ‘2 and 2 doses’ assay, comprising two groups (see text). In 
ITI, a test solution of 5 .U/0-1 ml. was compared with a standard of 20 »U/0-1 ml., to imitate 
conditions of samples of very low antidiuretic activity. 


differed in concentration from that of the standard, the mean amount of the 
estimated activity was 109° (range 96-125 %) of its stated potency (Table 1). 
In these twelve assays the volumes of both unknown and standard solutions 
injected intravenously did not exceed 0-1 ml./100 g body weight. However, in 
cases where the antidiuretic activity of the test material was very low, larger 
volumes of 0-2 and 0-4 ml./100 g had to be injected. This procedure adversely 
affected the accuracy of the assay. In a control series of five such assays, the 
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mean of the estimated potency was only 76% (range: 40-108 %) of its stated 
activity (Table 1). No differences were found whether the test material had 
been acidified by addition of acetic acid (final concentration: 0-25 %,) or not. 
The validity of these control assays was limited, however, by the fact that all 
test solutions of vasopressin were made in isotonic NaCl solution without 
tissue homogenates. For reasons which will be given later, control assays of 
stated antidiuretic activity with tissue homogenates could not be performed. 
Preliminary experiments 

Kidney, liver, spleen and duodenum homogenates were prepared so that 
equal volumes contained equal amounts of wet weight of tissue. The super- 
natant fluid, 8,, prepared from each tissue, was incubated with amounts of 
vasopressin (2-0-10-0 mU) for various times. At the end of the incubation 
period, the tubes were plunged into boiling water for 3 min, and the super- 
natant fluid was assayed for its antidiuretic activity. In all experiments 
(Fig. 1) there was a decrease of antidiuretic activity during the first 2 hr, after 
which it was not possible to determine whether its level remained constant or 
continued to decrease slowly, since the concentration of antidiuretic activity 
was too low for accurate estimation. The residual antidiuretic activity after 
2 hr incubation was about 6%, of the initial amount for all tissue homogenates 
investigated. This was less than that found after kidney slices had been incu- 
bated with similar amounts of vasopressin for a period of 3 hr (Dicker & 
Greenbaum, 1954). Inactivation of vasopressin by liver homogenate, how- 
ever, was faster than for the other homogenates; the level of 6 % of the original 
activity was reached in less than 1 hr (Fig. 1). The decrease of antidiuretic 
activity of vasopressin by tissue homogenates was independent of the presence 
of O,. In a series of four experiments, no assayable difference in the rate of 
its decrease could be found whether the mixture had been incubated in the 
presence of O,, N, or KCN. 

As assays of samples of very low activity lacked accuracy (Table 1), it was 
of importance to determine whether the antidiuretic activity found after vaso- 
pressin had been incubated with either tissue slices or homogenates was really 
different. Vasopressin (10 mU in 10 ml. of the modified Krebs-Ringer solu- 
tion) was incubated with 250 mg of kidney slices for 4 hr. At the end of the 
incubation period the slices were removed and two samples of 2-0 ml. of the 
supernatant fluid, obtained after centrifuging at 600g, each with an anti- 
diuretic activity of 400 .U, were mixed either with 50 mg of fresh kidney slices, 
or with 0-5 ml. kidney homogenate (representing 50 mg of tissue). After 
a further incubation period of 1 hr, the supernatant fluid of the mixture with 
kidney slices had an antidiuretic activity of 382 »U/2-0 ml., whereas the other 
had decreased to 80 yg/2-0 ml. 

In contrast with what had been observed with kidney, liver, spleen and 
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duodenum homogenates, when vasopressin was incubated with muscle 
homogenate there was an almost immediate decrease of the antidiuretic 
activity, to about two-thirds of its initial titre, after which it remained unaltered 
during the whole period of incubation up to 2 hr. 


mU vasopressin 


15 304560 % 120 


a 
Duodenum Spleen 


mU vasopressin 


\ 


153045 60 120 15304560 W 120 
Time (min) Time (min) 


Fig. 1. Inactivation of vasopressin by tissue homogenates. x x, results obtained with 
preparations to which 3% acetic acid (final concentration: 0-25%) has been added before 
boiling. © --- ©, results obtained with preparations boiled only. On Y axis, antidiuretic 
activity (mU vasopressin). 


Protein binding of vasopressin 
Heller & Urban (1935) have shown that tissue suspensions ‘adsorbed’ 
vasopressin and they claimed that it could be eluted by simple heating at 
100° C. Fromageot & Maier-Hiiser (1951) and Maier-Hiiser, Clauser, Froma- 
geot & Plongeron (1953) showed repeatedly that elution of bound vasopressin 
would occur only when heated in the presence of acetic acid. This was 
confirmed. 
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Full homogenates of kidney, liver, spleen, duodenum and muscle were 
shaken with known amounts of vasopressin for 10 sec, plunged into boiling 
water for 3 min, and centrifuged for 3 min. In all these experiments the anti- 
diuretic activity of the supernatant fluid was about one-third only of its 
original titre. However, addition of acetic acid (final concentration: 0-25 °%) 
to the mixture before boiling resulted in the full recovery of the antidiuretic 
activity (Table 2). 


TaBLE 2. Binding of vasopressin by muscle homogenate 


Estimated antidiuretic activity 
After addition of 
After boiling onl selene balling 
y 
Preparation (mU) (mU) 
10-0 mU vasopressin (vol. =5-0 ml.) + 0-5 ml. 6-80 _ 
muscle homogenate 6-60 — 
7-00 10-20 
7:20 9-95 


Muscle homogenate in 0-25 m sucrose solution, dilution 1:10. Vasopressin was added to 0-5 ml. 
of the homogenate, shaken for 10 sec and plunged into boiling water, with or without acetic acid, 
for 3 min, Acetic acid =0-5 ml. of 3% acetic acid in isotonic NaCl solution (final concentration 
025%). 


To determine whether the binding of vasopressin occurred on the proteins 
of the supernatant fluid or on those of the residue, kidney homogenates mixed 
with vasopressin were divided by centrifuging at 600g into a supernatant 
phase (8,) containing the small particles (mitochondria and microsomes) and 
a residue (R) comprising the nuclei and cell debris as well as a small number of 
intact cells. The residue was extracted by the combined action of acetic acid 
solution (final concentration 0-25 %,) and boiling, the period of boiling extending 
from 3 to 30 min (Fromageot & Maier-Hiiser, 1951). In some experiments the 
residue was extracted once only; in others up to three times. The supernatant 
fluid (S,) was either boiled only or acidified before boiling. From the twenty 
experiments recorded (Table 3), each experiment being repeated two to four 
times, it will be seen that there is little evidence to support Heller & Urban’s 
(1935) view that the residue played an important role in the binding of 
vasopressin. 

In spite of the fact that the supernatant fluid (8,) had been boiled only, 
antidiuretic activity was always greater than that recovered from the residue. 
When boiled without acetic acid the mean amount of antidiuretic activity of 
S, was 33% (range 24-45%) of that of the original amount of vasopressin 
(Table 3, Expts. 1-5). When, however, acetic acid had been added before 
boiling the mean amount of antidiuretic activity recovered from the super- 
natant fluid, 8,, was 88 and 85% of that of the original amount of vasopressin 
(Table 3, Expts. 6 and 7). 
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In most of these experiments (Table 3) there was an unavoidable time lag 
which might have allowed some enzymic destruction. For instance, it took 
1 min 20 sec to bring the preparation to 100° C (Expts. 3 and 4); or it took 
3 min for centrifuging the preparation before it was plunged into boiling 
water (Expts. 5 and 6). As the velocity of an enzymic reaction is greatest at 
the beginning, these delays may have explained why the total recovery of the 
antidiuretic activity of the combined residual and supernatant fraction was 
not 100%, even when heated in the presence of acetic acid. This explanation 


Taste 4. Binding of vasopressin by kidney homogenate and its fractions 


Duration 
of Estimated antidiuretic 
shaking activi 
Preparations (sec) Treatment (mu) 
7-5 mU vasopressin (5 ml.) 
+ 0-62 ml. kidney homogenate 30 510. 5-10 
Acetic acid, boil 6-95 7-74 
+ 0-62 ml. nuclei suspension 30 660 — 
Acetic acid, boil 770 — 
+ 0-62 ml. mitochondria 30 Boil 6-70 6-60 
suspension Acetic acid, boil 8-10 7-95 
+ 0-62 ml. microsomes 30 Boil 6-60 6-50 
suspension Acetic acid, boil 7-66 7-80 
+0-62 ml. supernatant (=S,) 30 Boil 5:56 4-25 
Acetic acid, boil 765 6-85 


Kidney homogenate was first centrifuged at 600g: nuclei and cell debris fraction; remainder 
centrifuged at 8500 g: mitochondrial fraction; remainder centrifuged at 33,000 g: microsomal 
fraction and ‘particle-free’ supernatant fluid (=S,). Each fraction of nuclei, mitochondria and 
microsomes was resuspended in its original volume of sucrose. The experiments were repeated, 
using modified Krebs-Ringer solution instead of 0-25 m sucrose solution, with similar results. 


was suggested by the following experiment (Table 3, Expt. 8) where a mixture 
of kidney homogenate and vasopressin was allowed to stand at room tem- 
perature for 3 min before being acidified and centrifuged, so that at least 
7 min elapsed before the enzymic action could be stopped. The recovery of the 
antidiuretic activity from the residue was of the same order as in Expts. 5-7 
(Table 3); that from the supernatant fluid, however, was markedly lower. 
To investigate this problem further a full kidney homogenate was divided by 
differential centrifuging into its components: nuclei, mitochondria, large micro- 
somes and the so-called ‘particle-free’ supernatant fluid, S,. Each fraction 
was resuspended in its original amount of sucrose solution and equal volumes 
of each were shaken with an equal amount of vasopressin for 30 sec and then 
divided into halves, of which one was boiled only, but the other was acidified 
with acetic acid and then boiled. The results of the assays, done in duplicate 
(Table 4), showed that all the acidified samples had an antidiuretic titre higher 
than that of the corresponding half which had been boiled only. On the 
assumption that the difference between the antidiuretic activity of the acidi- 
fied and non-acidified halves represented the amount of vasopressin bound, 
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it will be seen (Table 4) that the full homogenate and the particle-free super- 
natant fluid (S,) had bound comparable amounts of vasopressin, 30 and 31 °%, 
of the original amount respectively; whereas the amounts of vasopressin 
bound by the nuclei, the mitochondria and larger microsomes were 16, 19 and 
16% only. Similar results were obtained in experiments performed on liver 
homogenate. It is thus clear that the proteins of the ‘particle-free’ supernatant 
fluid (S,) were able to bind vasopressin more effectively than the other fractions. 
Investigation of the binding property of the supernatant fluid (8,) revealed the 
following points. First, there was a linear relationship between amounts of 
vasopressin and volumes of supernatant fluid. In a series of experiments, 
increasing volumes (from 0-25 to 2-0 ml.) of 8,, prepared from a kidney homo- 
genate, were mixed with 10mU vasopressin: the amounts of vasopressin 
bound increased from 0°75 to 6-2 mU. Secondly, though there were variations 
in the amounts of vasopressin bound by supernatant fluids from a specific 
tissue, each tissue seemed to have a characteristic capacity for binding vaso- 
pressin. In three series of experiments in which 0-5 ml. of 8, from liver, kidney, 
spleen and muscle homogenates had been mixed with the same amount of 
vasopressin for the same length of time (10 sec), the mean amount of vaso- 
pressin bound was 
for liver: 4-95 mU (range: 4-45-5-9), 
for kidney: 2-2 mU (range: 1-9-2-25), 
for spleen: 2-5 mU (range: 2-0-3-0), 
for muscle: 1-75 mU (range 1-6—1-9). 


Thirdly, the difference between the capacity for binding vasopressin by 8, from 
different tissues could not be explained by the difference in their protein con- 
centration, as their nitrogen concentrations proved to be of the same order of 
magnitude. The nitrogen concentration of a series of supernatant fluid samples 
was: liver 1-20, kidney 1-17, spleen 1-03, and muscle 0-88 mg N/ml. Relating 
the amounts of vasopressin bound with those of nitrogen present, it could be 
calculated that 1 mg of the supernatant fluid (8,) of liver, spleen, muscle and 
kidney bound 10-0, 6-0, 4-4 and 4-0 mU vasopressin respectively (Fig. 2). 


Enzymie inactiwation of vasopressin 

Reconsidering now the rates at which the antidiuretic activity of vasopressin 
decreased when incubated with tissue homogenates:(Fig. 1) it would seem that 
they represented a combination of protein binding and of enzymic inactiva- 
tion. To determine the latter, samples of vasopressin incubated with tissue 
homogenates were divided into halves, one of which, but not the other, was 
acidified before boiling. After separating the residue from the supernatant 
fluid by centrifuging, the latter was injected intravenously and assayed for its 
antidiuretic activity. The difference between the estimations of the acidified 
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and non-acidified samples was taken to be equal to the amount of antidiuretic 
activity which had been bound but not inactivated. With the exception of 
muscle homogenates, which did not appear to inactivate vasopressin appreci- 
ably, homogenates of liver, kidney, spleen and duodenum showed the pheno- 
menon of binding coupled with an enzymic process of inactivation (Fig. 1). 
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Fig. 2. Binding of vasopressin by ‘particle-free’ supernatant fluid (S,) of tissue homogenates. 
(A) Amounts of vasopressin bound by ‘ particle-free’ supernatant fluid of kidney homogenate 
(O-——O) and of liver homogenate ( x --- x). (B) Amount of vasopressin bound per mg 
N of the ‘particle-free’ supernatant fluid of liver, kidney, spleen and muscle homogenates. 
All samples of 8, were shaken with 10 mU vasopressin for 10 sec and then boiled. 


The amount of vasopressin bound was greatest immediately after it had been 
mixed with the tissue homogenate, i.e. at the onset of the incubation; it 
decreased progressively with time until the amounts present were too small to 
be assayed. This occurred when both the curve of inactivation and that of 
binding + inactivation met or ran so closely to each other that they were 
indistinguishable. This level was reached in 60-90 min by liver homogenate, 
and in about 120 min by kidney, spleen or duodenum homogenate. Pro- 
longing the incubation periods up to 5 hr did not seem to produce any further 
significant decrease of the residual antidiuretic activity. This could be the 
result of a state of equilibrium between enzyme and substrate, a loss of activity 
of the enzyme with time, or it could represent the transformation of vaso- 
pressin into another substance of lower antidiuretic activity. To test the 


_ latter hypothesis the standard amount of tissue homogenate, and hence that 


of enzymic material, was increased from 50 to 100 mg of tissue, but the 
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amount of vasopressin remained unchanged (=10 mU). After 3 hr of incuba- 
tion, the antidiuretic activity was so low that it could no longer be assayed 
(Table 5), thus indicating that the assumed final value of 5—6°%, of the original 
antidiuretic activity was apparent only and was not constant, as described 
previously (Dicker & Greenbaum, 1955). 

To study the distribution of the enzyme responsible for the inactivation of 
vasopressin a kidney homogenate was fractionated by centrifuging into (1) 
nuclear and cellular debris, (2) mitochondria and microsomes, and (3) the 
‘ particle-free’ supernatant fluid. Each fraction was resuspended in the original 
volume of 0-25 m sucrose, and an equal volume of each fraction was incubated 
with 10 mU of vasopressin for various lengths of time. At the end of each 
incubation period duplicate samples were taken, one of which was boiled only, 


Tasie 5. Inactivation of vasopressin by various amounts of kidney homogenate 
Kidney homogenate Equivalent 


Amounts of  weightof Incuba- Estimated antidiuretic 

vasopressin Volume tissues tion time activity in mU 
(mU) (ml.) Dilution (mg) (hr) 
10-0 0-5 1:10 50 3 0-45 0-51 
10-0 0-5 1:5 100 3 Traces Traces 
10-0 1-0 1:10 100 3 Traces Traces 
20-0 0-5 1:10 50 3 0-84 0-85 
20-0 0-5 1:5 100 3 0-44 0-55 
20-0 1-0 1:10 100 3 0-41 0-52 


Kidney homogenate in 0-25 m sucrose. After incubation, all samples were acidified with 3% 
acetic acid in isotonic NaCl solution and boiled for 3 min. Similar experiments were made using 
kidney homogenate in modified Krebs—Ringer solution, with similar results. 


while the other was acidified with acetic acid before boiling. After 3 hr of 
incubation the antidiuretic activity present in the mixture of vasopressin and 
of nuclei and cellular debris was very much the same as at the beginning of the 
experiment. The antidiuretic activity of the boiled moiety remained at about 
8-0 mU, that of the acidified at about 9-5 mU. This suggested that apart from 
its capacity for binding, the nuclear fraction did not contain any marked 
amount of enzymic activity. However, when the supernatant fluid (S,) had 
been incubated for 2 hr, the antidiuretic activity present in the acidified 
sample was less than 5° of its original value; after 3 hr of incubation it was 
too low to be estimated quantitatively. As for the antidiuretic activity 
present in the mitochondrial and microsomal fraction, the activity in an 
acidified sample after 3 hr of incubation was still of the order of 30% of its 
original value (Fig. 3). This activity, however, could be reduced by adding at 
the end of the second hour of incubation equal volumes of either a fresh 
sample of mitochondria and microsomes or of the supernatant fluid (S,): after 
a further incubation of 2 hr, the antidiuretic activities of the acidified halves 
were 1-0 and 0-15 mU respectively (Table 6). 
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To determine whether the difference in the rates of inactivation of vaso- 
pressin by the particulate fraction (MM) and the supernatant fluid (S,) was due 
either to different enzymes or to different concentrations of the same enzyme, 
the following experiments were performed. Two samples each of 10 mU vaso- 
pressin were incubated, one with 0-5 ml. of the particulate fraction, the other 
with 0-5 ml. of 8, which had been diluted 2-5 times. After an incubation of 


100 


mU vasopressin 


= 


Time (min) 
Fig. 3. Inactivation and binding of vasopressin by nuclei and cellular debris (A, A), by mito- 
chondria and microsomes (®, ()), and by ‘particle-free’ supernatant fluid (@, ©) of kidney 
homogenate. Continuous line, rate of inactivation ; broken line, rate of inactivation + binding. 


TaBLE 6. Inactivation of vasopressin by mitochondria and microsomes 
and by ‘ particle-free’ supernatant fluid 


Length of Length of Estimated 
first in- second in- anti- 
cubation cubation diuretic 
period period ' activity 
Preparations (hr) Preparations (hr) Treatment (mU) 
10-0 mU vaso- 2 ~ — Boil 3-75 
pressin +0-5 ml. MM — acid, 440 - 
10-0 mU vaso- 2 +0-5 ml. MM 2 Boil 0-84 
pressin + 0-5 ml. MM Acetic acid, 1-00 
boil 
10-0 mU vaso- 2 +0-5 ml, 8, 2 Boil Traces 
pressin + 0-5 ml. MM acid, 0-15 


Kidney homogenate in 0-25 m sucrose solution (dilution 1:10). Nuclei and cellular debris 
centrifuged off at 600g. Supernatant divided after centrifuging at 34,000 g into ‘particle-free’ 
supernatant fluid (=S,) and mitochondrial and microsomal fraction (= MM), which was suspended 
in original volume of sucrose solution. Acetic acid =3% acetic acid in isotonic NaCl solution. 
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15 min the preparations were acidified, boiled and assayed. The antidiuretic 
activities of both preparations were of the same order of magnitude: 8-2 and 
8-0 mU. In the second experiment, a mixture of 0-5 ml. MM and 0-5 ml. §,, 
diluted 2-5 times, was incubated for 15 min with 10 mU vasopressin, and the 
antidiuretic activity of the acidified preparation compared with that of a pre- 
paration of 1-0 ml. of MM incubated for the same time with the same amount 
of vasopressin. Their antidiuretic activities were 4-6 and 4-9 mU, respectively. 


Tass 7. Inactivation of vasopressin by mitochondrial and microsomal fraction 
and by ‘particle-free’ supernatant fluid at various dilutions 


Estimated 
First Second antidiuretic 
Amounts of Kidney ho te incubation incubation activity after 
vasopressin fractions volume period period incubation 
(mU) (ml.) (min) (min) (mU) 
10-0 MM 15 8-2 
/2-5) 15 8-0 
+10 15 4:8 
+0-5 MM +0-5 8, (1/2-5) 15 4-6 
8, (1/2-5) 15 4-5 
+0-5 MM 15+058, 15 2:5 


Kidney homogenate in 0-25 m sucrose, dilution 1:10. Cell debris and nuclei were spun down at 
600 g. Remainder centrifuged at 34,000g and separated into mitochondrial and microsomal 
fraction (= MM) and ‘ particle-free’ supernatant fluid (S,) which was used as such or after being 
diluted x 2-5 with 0-25 m sucrose. After incubation, all samples were acidified with 3-0% acetic 
acid in isotonic NaCl solution and boiled for 3 min. 


Finally, the antidiuretic activity of a mixture of 10 mU vasopressin and 
1-0 ml. 8, diluted 2-5 times and that of a preparation of the same amount of 
vasopressin and of 1-0 ml. MM both incubated for 15 min, were found to be of 
the same order, i.e. 4-5 and 4-8 mU (Table 7). These experiments point to the 
possibility of the same enzymic system existing in both the particulate fraction 
and the supernatant fluid, though its concentration would be approximately 
2-5 times as great in the latter as in the former. 


DISCUSSION 


Some of the results presented in this paper seem difficult to reconcile with those 
described previously (Dicker & Greenbaum, 1954). For instance, whereas 
incubation of vasopressin with kidney slices resulted in a decrease of the anti- 
diuretic activity to a constant level of about 20% of the initial activity, there 
is now evidence that when treated with kidney homogenate the inactivation of 
vasopressin proceeds until no assayable activity remains. In other words, the 
assumption of a steady value of partial inactivation does not hold when vaso- 
pressin is incubated in the presence of kidney homogenate instead of kidney 
slices. No attempt has been made to elucidate this difference: it may be that 
homogenization of tissues liberates enzymes which would not be brought into 
action when the cells are intact as in slices. 


| 

fl 
‘ th 
: | th 
| th 
| th 
th 

me 


ANTIDIURETIC ACTIVITY OF VASOPRESSIN 211 


The incubation of vasopressin with different tissue homogenates has made it 
clear that processes of inactivation exist in tissues as different as spleen, 
duodenum, liver and kidney. Muscles, however, do not seem to exhibit the 
same property. Evidence that vasopressin could be inactivated by liver and 
kidney slices (Dicker & Greenbaum, 1954) and by kidney homogenate (Birnie, 
1953; Dicker & Greenbaum, 1955) has been described previously. It could be 
inferred from some of Birnie’s (1953) experiments that spleen possessed the 
same activity. Duodenum homogenate can now be added to this list. It is 
difficult to see any reason why duodenum or spleen should intervene in the 
metabolism of a hormone whose ultimate function seems to lie with the 
kidney. On the other hand, the fact that vasopressin can be inactivated by 
a ubiquitous enzyme system may help ultimately to determine its mode of 
action. 

All tissue homogenates examined, including muscle, have the property of 
binding vasopressin when mixed with it. Once bound, vasopressin cannot be 
released by simple heating. The present investigation fully supports that of 
Fromageot & Maier-Hiiser (1951) who found that elution took place in acid 
solution only. The property of binding is shown by all the cellular components 
though with different intensities: the so-called ‘particle-free’ supernatant fluid 
being more efficient than the mitochondria and microsomes. Though binding 
took place with all tissue homogenates, the amount of vasopressin bound was 
not the same in all. When compared with the normal concentration of the 
solution it could be shown that the ‘particle-free’ supernatant fluid of liver 
homogenate had a much greater binding capacity than that of muscle or 
spleen, and that the ‘particle-free’ supernatant fluid of kidney homogenate 
was the least active of all. The conditions of the experiments did not give any 
indication whether similar bindings occurred in vivo. 

Once vasopressin was bound by the cellular proteins a slow process of 
inactivation took place. This occurred with homogenates (or their fractions) of 
kidney, liver, spleen and duodenum, but not with that of muscle. It could be 
stopped by plunging the preparation into boiling water for 3 min. The inactiva- 
tion did not seem to be affected by the presence or absence of O,, and was not 
stopped by potassium cyanide. In those tissues where an enzymic activity 
was found, its highest concentration was in the ‘particle-free’ supernatant 
fluid, though it was present also in the mitochondrial and microsomal fraction ; 
the concentration in the former appeared to be about 2-5 times that found in 
the particles. However, it is not possible at this stage to ascertain whether it is 
the same enzyme which acts in both ‘particle-free’ supernatant fluid and in 
the mitochondrial and microsomal fraction. Nor is it possible to say whether 
the same enzyme exists in kidney, liver, spleen and duodenum. The experi- 
ments of van Dyke (1955) have shown two possible sites of inactivation of the 


Vasopressin molecule: first, by cleavage of the S—S bond and secondly, by the 
14-2 
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splitting of the peptide bond between the carboxyl group of arginine and the 
amino group of glycinamide. Other sites are also potentially available. This 
problem is now being investigated. 


SUMMARY 

1. Kidney, liver, duodenum, spleen and muscle homogenates were incubated 
with various amounts of vasopressin. After centrifuging, the supernatant fluid, 
either acidified with 3° acetic acid solution before boiling, or boiled only, was 
assayed for its antidiuretic activity. 

2. When kidney or liver homogenates were mixed with vasopressin and 
boiled immediately, there was a significant decrease of the antidiuretic activity. 
This could be prevented by acidifying the preparation before boiling. By 
separating full homogenates into their constituents: (a) nuclei and nuclear 
debris, (b) mitochondria and microsomes, (c) ‘ particle-free’ supernatant fluid, 


it could be shown that the binding of vasopressin was least with the nuclei, — 


intermediate with the mitochondria and microsomes and greatest with the 
‘particle-free’ supernatant fluid. 

3. The ‘particle-free’ supernatant fluid of liver bound more vasopressin 
than that of kidney, muscle or spleen, whether expressed as vasopressin bound 
per unit of wet weight or per mg of nitrogen. 

4. There was a greater concentration of the enzymic activity responsible for 
the inactivation of vasopressin in the ‘ particle-free’ supernatant fluid of kidney 
than in the mitochondria and microsomes. No significant enzymic activity 
could be detected in the nuclear fraction. 


Our thanks are due to Miss Joan Nunn for her technical skill and constant help. 
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THE EFFECT OF HYPERTONIC INFUSIONS ON GLOMERULAR 
FILTRATION RATE AND GLUCOSE REABSORPTION IN THE 
KIDNEY OF THE DOG 
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(Recewed 11 November 1955) 


Several workers have demonstrated in the past few years that variation in 
glomerular filtration rate (G.F.R.) in the dog is associated in some circumstances 
with a similar variation in maximum tubular reabsorption (Tm). Thus, 
Handley, Sigafoos & La Forge (1949) found a decrease in both a.r.r. and 
glucose Tm when dehydration was induced either by use of mercurial diuretics 
or by infusion of hypertonic glucose solutions; and Pitesky & Last (1951) 
observed a similar dual reduction in experiments under heat stress, with 
animals in positive water balance. In such circumstances the variation in the 
capacity of the tubule cells to reabsorb glucose, although fully saturated, robs 
the term ‘Tm’ of any particular meaning, and hereafter maximum glucose 
reabsorption will be referred to simply as glucose reabsorption. 

In the experiments now reported this phenomenon has been investigated 
further; infusion of hypertonic glucose or mannitol solutions has been found 
to reduce both g.¥.R. and glucose reabsorption, even when the overall hydra- 
tion of the body was not impaired. The effect was found to be independent of 
the presence or absence of renal nerves. Opportunity was taken also to 
investigate the effect of anaesthesia on G.¥.R. and glucose reabsorption and on 
their reduction by hypertonic infusions. The possibility that the effects might 
be produced by renal vasoconstriction was investigated by taking renal 
arteriograms. 

METHODS 
Most of the experiments were performed on eight greyhound bitches of weights varying from 
19 to 27 kg; the majority were about 21 kg. In six of these unilateral nephrectomy had been per- 
formed some weeks before the experiments were begun, and in three of these the remaining kidney 
had been denervated by au lantation. Nine further experiments were made on anaes- 
thetized mongrel dogs. Pentobarbitone (Nembutal), 30 mg/kg, was used as anaesthetic. 


During experiments on conscious dogs, they stood in the erect position in a harness on a Pavlov 
dog stand. Greyhounds are accustomed to discipline and, accordingly, little training was necessary. 
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In five experiments the G.¥.R. was first measured when the dog was in the erect posture and 
conscious, and later with the dog lying on its side and anaesthetized. Anaesthesia was smoothly 
induced by injecting 2-3 ml. pentobarbitone solution intravenously, followed by adequate injec- 
tion into the peritoneal cavity or muscle. 

One litre of tap water (50 ml./kg body weight) was given by stomach tube before the beginning 
of each experiment. During the experiments under anaesthesia water was given subcutaneously 
when considered necessary, and in conscious dogs water was usually willingly taken by mouth. 
Urine was collected by means of a polythene catheter in the bladder, emptying of which was 
facilitated by manual compression following injection of air, when necessary ; water washouts were 
not made. Arterial blood samples were taken by femoral artery puncture, the syringes being 
heparinized, at 2-3 min before the mid-point of the sampling period. Either oxalate or heparin 
was used as anticoagulant; the blood was immediately centrifuged, the plasma deproteinized and 
stored in the refrigerator, and analyses were always carried out within 30 hr of sampling. 

Glucose and creatinine were made up in solution usually in distilled water, and given intra- 
venously by a constant infusion apparatus (Bayliss, 1955). A priming intravenous dose of 
creatinine was given in all experiments, followed by a sustaining solution varied to suit the require- 
ments of the experiment; 40-50 min was allowed for equilibration. Plasma creatinine concentra- 
tion rarely varied by more than 1 mg/100 ml. between two sampling periods, and in the majority 
of experiments a concentration of 20-40 mg/100 ml. was maintained. Glucose infusions varied in 
concentration up to 50% (w/v) and in rate up to 10 ml./min. 

Denervation. The technique of transplanting kidneys to the iliac vessels has been described 
elsewhere (Dempster, Joekes & Oeconomos, 1954). In essence it consisted of removing one kidney 
from its natural position, anastomosing the renal vessels with the iliac vessels, and reimplanting 
the ureter in the bladder; the contralateral kidney was removed at the same operation. The auto- 
transplanted kidneys were functioning normally before the glucose experiments were begun, 
6-8 weeks after the operation. 

Renal arteriograms. One hour after autotransplanting a kidney to the neck (technique 
described by Dempster, 1950) an arteriogram was taken by injecting 3-4 ml. of ‘Thorotrast’ 
(ThO,) into the carotid artery which was anastomosed to the renal artery. If this arteriogram 
appeared normal, a blood sample was taken and an infusion of 50% glucose was begun. Twenty 
minutes later a further blood sample was taken, followed immediately by an arteriogram. After 
a further period of 20 min the above procedure was repeated. Two experiments of this nature 
were performed. In one the blood samples were analysed for plasma sodium concentration, and 
in the other G.¥.R. was measured. An injection of 0-5 ml. ‘ Priscol’ (Tolazolin, Ciba Products) was 
given intravenously at the end of one experiment to demonstrate its usual renal vasoconstrictor 
action (Dempster, 1954) and an arteriogram taken 5-10 min after the injection. 

Chemical estimations. Creatinine was analysed by the Jaffe reaction, on a tungstate filtrate in 
the case of plasma. Attention has recently been called to the fact that the pH at which protein is 
precipitated affects the recovery of creatinine added to plasma (Owen, Iggo, Scandrett & Stewart, 
1954). With the tungstate reagents used, recovery of added creatinine averaged 93%. Since the 
creatinine was readily dialysable when added to plasma, all plasma creatinine values were corrected 
by the factor 100/93. A high concentration of glucose increased slightly the apparent creatinine 
concentration thus determined (14% with a glucose/creatinine ratio of 50), but was not regarded 
as of sufficient significance to warrant correction of the creatinine values: a high ratio in the plasma 
was accompanied by a high ratio in the urine, leaving the creatinine clearance not appreciably 
affected. 

Glucose was determined in both plasma and urine by the Folin-Wu method as modified by 
Lehmann & Silk (1952). These values were corrected for creatinine, 1-0 mg of the latter being 
found equal in reducing power to 0-38 mg of glucose. Sodium and potassium concentrations were 
determined in both plasma and urine by the flame photometer method based on that described by 
Berry, Chappell & Barnes (1946). 
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RESULTS 


Details of three typical experiments are given in Table 1. In each, the fall in 
a.F.R. at high plasma glucose concentration is definite, though variable in 
degree, and a similar result was obtained in every experiment made on the 
eight greyhounds. When the plasma glucose concentration was allowed to fall 
in ‘Noise’ (Table 1) the G.¥.k. rose again, and a similar recovery was observed 
in six of the seven animals in which this point was investigated. The one 
exception (‘Sheila’) showed no recovery of either c.¥.R. or glucose reabsorption 
when the plasma glucose concentration was allowed to fall, either before or 
after unilateral nephrectomy, although normal values were observed by the 
time of the next experiment, a fortnight later. This abnormal behaviour was 
associated with chronic nephritis, observed post-mortem, whereas the kidneys 
of the other dogs were found to be healthy. 


TaBiE 1, The effect of hypertonic glucose infusions on G.¥.R. 
and glucose reabsorption in conscious dogs 


Plasma Glucose Plasma 
Urine glucose (mg/min) Na 
Time flow G.F.R. concn A concen. (m- 


(min) (ml/min)  (ml./min) (mg/100 ml.) Filtered Excreted Reabsorbed equiv/.) 
‘Tigre’ (normal) 27 kg 


0-16 4 g creatinine (112 ml.) i.v. 
16-87 0-8% creatinine i.v. at 5 ml./min 
60-74 7-0 121 — 
74-86 8-0 123 — 
87-152 45% eee +0-8% creatinine i.v. at 5 ml./min 
132-142 17-7 117 765 895 384 i 141 
142-151 19-3 108 845 912 436 476 — 
152-212 45% glucose + 0-4% creatinine i.v. at 10 ml./min 
191-201 24-3 Fo 1810 1300 880 420 133 
201-212 36-2 97°5 1950 1900 1395 505 — 
‘Noise’ (37 days after unilateral nephrectomy) 20-5 kg 
0-10 1-5 g creatinine (42 ml.) i.v. 
10-75 0-5% creatinine i.v. at 4 ml./min 
43-57 2-0 57 — 148 
57-75 1-8 54-5 — = 
75-130 40% glucose + 0-25% creatinine i.v. at ./min 
110-120 14-0 ” 1316" 593 470 123 126 
120-130 158 49 1300 638 522 116 
130-203 0-5% creatinine i.v. at 4 ml./min 
203-278 20% glucose +0-5% creatinine i.v. at 4 ml./min 
248-263 46 62 242 150 4 146 142 
263-278 4-7 64 255 162 4 158 —_ 
‘Laure’ (9 weeks after autotransplantation) 18-5 kg 
0-20 3 g creatinine (84 ml.) i.v. 
20-70 50% glucose + 1% creatinine i.v. at 4 ml./min 
45-53 11-3 50 955 478 333 145 
53-61 10-4 42-5 980 417 312 105 = 
61-69 11-8 48 1090 523 382 141 — 
70-135 50% glucose + 1% creatinine i.v. at 8 ml./min 
110-118 7 1740 645 552 93 
118-126 99 28 1780 498 498 0 - 


126-135 10-7 31 1955 603 
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The results of all experiments (other than those on ‘Sheila’) in which G.¥.r. 
was measured before and after infusion of hypertonic glucose solution, are 
shown in Fig. 1. G.¥.. has been expressed as a percentage of the value obtained 
before infusion of glucose, since it increased with time after operation in the 
unilaterally nephrectomized animals, and is plotted against plasma glucose 
concentration. The general relationship is obvious, though considerable dif- 
ferences exist between the behaviour of one animal and another. In ‘Annette’, 
some depression is observed at 400 mg/100 ml. and at 1300 mg/100 ml. is severe, 
whereas ‘Marion’, at the other extreme, shows only minor depression at this 
concentration. 


+ 
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Plasma glucose, mg/100 mi. (log scale) 

Fig. 1. The effect of hypertonic glucose infusions on G.¥.B. in conscious greyhounds. A, ‘Annette’, 
O, ‘Tigre’, normal. +, ‘Noise’, @, ‘Marion’, unilateral nephrectomy. Each point represents 
the mean of two or more sampling periods. The two circled points are from experiments in 
which hypertonic mannitol solutions were also infused. 


It is clearly impossible to present the results on glucose reabsorption in 
similar form, for maximum values can only be compared when tubular satura- 
tion has been attained, and in several experiments G.F.R. was already reduced 
at the lowest plasma glucose concentration at which glucose reabsorption was 
measured ; its depression at 2000 mg/100 ml. might, for example, be consider- 
ably less when compared with reabsorption at 1000 mg/100 ml. than with 
reabsorption at 250 mg/100 ml. From experiments in which measurements 
were made at two different plasma glucose concentrations, therefore, the G.¥.r. 
and glucose reabsorption at the lower concentration has been taken as 100, and 
values obtained at the higher concentration expressed in relation to it (Fig. 2). 
Depression of G.¥.R. at the higher concentration is invariably accompanied by 
depression of glucose reabsorption, although there is no strict relationship 
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between the two, reabsorption being sometimes more and sometimes less de- 
pressed than G.¥.R. This variability must, then, be attributed to accumulation 
of technical errors and individual variation in response. It is clear, however, 
that @.¥.R. and glucose reabsorption rise or fall together under the conditions 
of these experiments. 
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Glucose reabsorption (% of control value) 
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G.F.R. (% of control value) 

Fig. 2. The effect of hypertonic glucose infusions on glucose reabsorption in conscious greyhounds. 
For method of expression see text. A, ‘Annette’, normal; ©, ‘Laure’, autotransplanted; 
+, ‘Noise’, @, ‘Marion’, unilateral nephrectomy. Each point represents the mean of two or 
more sampling periods. 

Mannitol infusions 

It seemed of interest to know whether the fall in c.¥.r. and/or fall in glucose 
reabsorption were due to some specific action of glucose, or whether the hyper- 
tonicity of the infusion was responsible for these effects. In two experiments 
with the greyhounds (conscious) and in nine further experiments on anaes- 
thetized mongrels, the effects of infusion of 16-20 glucose solution was com- 
pared with that of 16-18% glucose plus 18-30% mannitol. In five of these 
only G.¥.R. was measured. In several of the anaesthetized animals a temporary 
phase of increased G.¥.R. was noted, as seen in anaesthetized cats (Eggleton & 
Shuster, 1954), but depression invariably followed. 

The results on the two greyhounds are shown in Fig. 1 (circled points). Both 
show a depression of G.F.R. at a much lower plasma glucose concentration than 
occurred when hypertonic glucose solutions were infused. The averaged results 
of the four experiments in which glucose reabsorption was measured on anaes- 
thetized mongrels are given in Table 2. The decrease in glucose reabsorption 
appears to be fairly quantitatively related to fall in G.¥.R. in three of the four, 
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except in the terminal stage of M. 10 and M. 13. At this time the tubules were 
no longer saturated and glucose excretion fell to zero. The high glucose 
reabsorption/c.¥F.R. ratio in M. 13 suggests that under conditions of severe 
dehydration, which was present on this occasion, G.R.¥. suffered to a greater 
extent than did tubular reabsorption. In the remaining periods in all experi- 
ments appreciable amounts of glucose were excreted, indicating a state of 
tubular saturation in spite of the reduction in filtered load. 


Tasxex 2. The effect of mannitol infusions on G.¥.R. and glucose reabsorption 


in anaesthetized mongrels 
Plasma 
glucose Glucose Plasma Na 
concen. G.F.R. reabsorbed Glucose re- concn. 
(mg/100 ml.)  (ml./min) (mg/min) absorbed/c.¥.k. (m-equiv/l.) 
M. 10, 94 kg 365 47 149 3-16 149 
Mannitol infused 
375 28 89 3-17 124 
435 23 78 3:38 113 
*270 9-5 >24 >2-50 119 
M.11, 12 kg 455 67 238 3-35 149 
Mannitol infused 
46 146 3-17 136 
390 47 166 3-53 125 
M.12, 13 kg 865 45-5 146 3-21 132 
Mannitol infused 
885 41-5 102 2-45 122 
920 37 93 2-51 132 
M.13, 114 kg 615 43 112 2-60 148 
Mannitol infused 
50 130 2-60 130 
705 45 118 2-62 127 
*495 17 152 


Each value represents the mean of two or three 10-15 min sampling periods except for the two 
terminal values marked * which represent one period only of 12 and 15 min respectively. 


Effect of anaesthesia 

It is impossible to judge from the results given in Table 2 whether they were 
affected by the anaesthetic, since no experiments were made on the mongrels 
in the conscious state. In some of the greyhounds, however, this point was 
investigated, G.¥.R. being measured before and after induction of anaesthesia 
by pentobarbitone, and the subsequent effect of a raised plasma glucose con- 
centration examined. From the results shown in Table 3 it can be seen that in 
only one of the five experiments was there a significant fall in G.¥.R. as a result 
of the anaesthetic at normal plasma glucose concentration; this was in 
‘Annette II’, the only experiment in which severe struggling occurred during 
induction of anaesthesia. 

When the plasma glucose concentration was increased, both G.r.r. and 
glucose reabsorption fell, the former to about the same extent at a given 
concentration in each animal as in the absence of anaesthetic. These values have 
not been included in Fig. 1, to avoid confusion; they can be readily calculated 
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from the results given in Table 3. A similar comparison of glucose reabsorption, 
with and without anaesthetic, suggests that this is more depressed in the 
anaesthetized animal. Only one relevant experiment was made on ‘Annette’ 
when conscious and no conclusion can be drawn from her, but the results 
obtained on ‘Marion’ and ‘Tigre’ (Fig. 3) show that glucose reabsorption is 
definitely depressed by the anaesthetic. In ‘Sheila’ also, an average reabsorp- 
tion of 144 mg/min at 1300—1500 mg/100 ml. plasma and 116 mg/min at 
500-800 mg/100 ml. (3 experiments) when conscious were reduced to 113 and 
54 mg/min respectively under anaesthesia. 


TaBiE 3. The effect of pentobarbitone anaesthesia on G.¥.R. and glucose reabsorption 


Plasma 
glucose Glucose 
concen, G.F.R. reabsorbed Glucose re- 
(mg/100 ml.) (ml./min) (mg/min) absorbed/a.¥.k. (m- ) 
‘Marion’ 76 days after 51 — — — 
unilateral nephrec- Anaesthesia induced 
tomy, 22 kg — 55 — 
395 59 145 2-45 — 
890 554 130 2-35 = 
‘Sheila’ 111 days after 39-1 159 
unilateral n - Anaesthesia induced 
tomy, 20 kg 37-7 160 
! 1490 24-8 113 4-55 139 
740 21-9 55 2-50 — 
Anaesthesia induced 
— 119 — or 145 
770 99 299 3-01 140 
350 110 316 2-87 151* 
‘Annette I’ 23 kg 123 163 
Anaesthesia induced 
143 — 161 
680 96 347 3-61 148 
1530 60 229 3-81 149 
‘Annette II’ 23 kg — 152 
: Anaesthesia induced. Violent struggling 
101 — 156 
640 86 305 3-55 151 
1415 55 221 4-02 140 


Each value represents the mean of two 10 min sampling periods. 
* Glucose + creatinine infusion in 0-65% NaCl. 

In the experiment under anaesthesia, glucose reabsorption was first measured 
at the high plasma glucose concentration and the latter allowed to fall, so that 
comparison in this animal can only be made with experiments in the conscious 
state in which the same order of procedure was followed. Mention has already 
been made of the fact that recovery of renal function did not occur immediately 
in this animal when the plasma glucose concentration was allowed to fall. That 
was, in fact, an understatement, as can be inferred from the results just quoted ; 
depression of G.¥.R. and glucose reabsorption, accompanying the high plasma 
glucose concentration, continued to increase in spite of a falling concentration. 
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Three further experiments on ‘Sheila’, two under pentobarbitone and one 
when conscious, performed before unilateral nephrectomy, yielded results in 
general agreement with those just given. A G.¥.R. of 84 ml./min was associated 
with glucose reabsorption of 310 mg/min in the conscious state; under anaes- 
thesia, at comparable values of plasma glucose concentration, G.F.R. was 
scarcely affected—82}4 and 80 ml./min in the two experiments—but glucose 
reabsorption had fallen to 270 and 230 mg/min respectively. A similar result 


500 +(1) ‘Tigre’ 
460 +(1) 
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380+ 
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Plasma glucose concentration (mg/100 ml.) 

Fig. 3. The effect of pentobarbitone anaesthesia on glucose reabsorption. The numbers in brackets 
indicate the order in which the experiments were performed. In experiment (6) in ‘Marion’ all 
infused solutions were made up in 0-9% NaCl. Eech point represents the mean value of two 
or more sampling periods. +, conscious; @, anaesthetized. 


was obtained on the one dog with autotransplanted kidney (‘Laure’), in which 
a comparable plasma glucose concentration was attained on two occasions; 
under anaesthesia, the c.¥.R. was higher (57 as against 47 ml./min) and glucose 
reabsorption lower (30 as against 130 mg/min) than that observed in the 
conscious animal. 
Plasma electrolytes 

In many experiments plasma sodium and potassium concentrations were 
determined. As was to be expected, plasma sodium concentration fell during 
infusion of the hypertonic solutions, and this would be accompanied by dilution 
of the plasma proteins. An increase in filtration rate might be expected to 
result, but in general the largest decreases in plasma sodium concentration 
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were accompanied by reduction in G.¥.x. and glucose reabsorption. The rela- 
tionship was not, however, invariable. In an experiment on ‘Annette’ in 
which a typical fall in G.F.z. and glucose reabsorption was induced, there was 
practically no change in plasma sodium concentration since the infused glucose 
solutions had been made up in saline instead of water. In ‘Sheila’ also, G.¥.R. 
and glucose reabsorption failed to recover when a high plasma glucose con- 
centration was reduced, although plasma sodium concentration returned to 
normal. 

Plasma potassium concentration showed no consistent change, varying 
sometimes in the same direction as plasma sodium concentration, and some- 
times in the reverse, and frequently not at all. In the majority of experiments 
in which plasma potassium concentration was measured (29), the values lay 
between 3-0 and 4-6 m-equiv/l.; the lowest value encountered, 2-1 m-equiv/l., 
occurred in @ mongrel, and the highest, 8-7 m-equiv/l., in ‘Marion’, both at the 
end of an experiment in which plasma glucose concentration was decreasing. 


Arteriograms 

In neither animal whose kidney had been transplanted to the neck did the 
arteriogram show any change when hypertonic glucose solution was infused, 
although the G.¥.R. had fallen from 41 to 20 ml./min in one and the plasma 
sodium concentration from 161 to 136 m-equiv/l. in the other. In the latter 
animal subsequent injection of 0-5 ml. ‘Priscol’ intravenously induced obvious 
vasoconstriction, indicating that the renal vessels had retained the power to 
constrict following the operation and hypertonic infusion. 


DISCUSSION 


The results now reported are at variance with the generally accepted concept 
of the constancy of maximum glucose reabsorption, based on the original work 
of Shannon & Fisher (1938). The relationship established by them between 
maximum reabsorption and plasma glucose concentration was, however, 
obtained from only three dogs; and of the seven values obtained at concentra- 
tions greater than 1500 mg/100 ml. five came from one decerebrate animal. No 
general details of glucose concentrations used were given by these authors, but 
in the one experiment quoted in detail, a concentration of 1200-1400 mg/100 ml. 
was attained by infusion of 20° glucose at 20 ml./min in a 24 kg dog. It is 
possible, therefore, that the use of infusions of greater hypertonicity given at 
a slower rate, as in the experiments here reported, might account for the 
different results obtained. In view of the noticeable variation in response to 
a high plasma glucose concentration now observed between different animals 
(Fig. 1), it seems likely that this factor also may be partially responsible. 
The fall in ¢.¥.R. occurring at high plasma glucose concentrations appears to 
be associated with the general upset caused by rapid infusion of hypertonic 
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solutions since it occurred at lower glucose concentrations when mannitol was 
infused. The cause of the fall remains obscure. The observed decrease in plasma 
sodium concentration reflects the undoubted dilution of plasma proteins con- 
sequent on withdrawal of water from tissue cells by the hypertonic infusions. 
This would tend to increase the filtration rate were there no change in glo- 
merular capillary hydrostatic pressure, and probably accounts for the increase 
sometimes seen at relatively low plasma glucose concentration in experiments 
under anaesthesia. At higher concentrations the factors responsible for causing 
the fall in filtration rate are sufficiently powerful to annul this plasma protein 
dilution effect, causing an absolute decrease in G.F.R. It is difficult to associate 
this with any substantial vasoconstriction in the kidney itself, since the 
arteriogram appeared quite normal. Admittedly the very small blood vessels 
are not seen by this method, but constriction of these does not in general 
appear to occur without perceptible vasoconstriction of the larger vessels 
(adrenaline, Dempster & Joekes, 1955; renin, Daniel, Prichard & Ward- 
McQuaid, 1954; ‘Priscol’, Dempster, 1954). Whatever the cause of the fall in 
G.F.R., its close association with fall in glucose reabsorption, induced either by 
hypertonic mannitol or glucose infusions, suggests that effective filtration has 
ceased in some nephrons. 

The decrease in G.¥.R. and in glucose reabsorption appears to occur inde- 
pendently of any nervous effect on the kidney, since it was as obvious in 
the autotransplanted kidneys as in those with intact nerve supply. It is highly 
improbable that nerve regeneration occurs in the autotransplanted kidney, for 
at operation a segment of the common iliac artery is stripped of its adventitial 
coat and a plug of muscle applied to the anastomosis in order to aid haemostasis. 
Nerve regeneration would involve growth, not only along the iliac vessel, but 
also through this muscle, which undergoes fibrosis. No regenerating nerve 
fibres on the renal artery could be seen on histological examination (Weigert- 
Pal staining). | 

A rising plasma glucose concentration is in general associated with a fall in 
plasma potassium concentration, and it is possible that this in itself might 
affect the a.r.x. Under the conditions of our experiments, however, glucose 
infusions did not produce any consistent change in plasma potassium con- 
centration. It seems not unlikely that the large shift of water away from the 
cells induced by the hypertonic infusions was accompanied by loss of potassium, 
annulling the usual shift inwards which occurs when more glucose is available. 

The fact that pentobarbitone anaesthesia had no consistent effect in depres- 
sing G.¥F.R. confirms the report of Czok & Kreienberg (1952), who measured 
inulin clearance in dogs, first unanaesthetized and then under ‘Numinal’ 
anaesthesia. Surtshin, Mueller & White (1952) performed similar experiments 
on dogs in which one kidney had been denervated at a previous operation; 
they found no difference in the inulin excretion ratio of the two kidneys when 
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anaesthesia was induced by ‘Nembutal’, in contrast with the profound fall in 
excretion by the innervated kidney when ether was used. Corcoran & Page 
(1943) also found no change effected by pentobarbitone anaesthesia in thirty- 
four out of thirty-seven dogs. In the remaining three, as in the discordant 
results of some other workers, it may be that with the renal nerves intact, 
severe struggling during induction of anaesthesia, as in our one atypical result, 
or too deep a stage of anaesthesia, is responsible for the fall in c.¥.r. when it 
occurs. 

Czok & Kreienberg (1952) also found that maximum secretion of p-amino- 
hippurate was sometimes depressed, although significantly so in only one of 
the four animals used, and they suggested that the anaesthetic had impaired 
tubular activity. Where comparison has been possible at similar values of 
plasma glucose concentration, it would appear that glucose reabsorption is also 
more depressed under anaesthesia than in the conscious animal. 


TaBxz 4. Relation of G.¥.z. to kidney weight in unilaterally nephrectomized dogs 


G.F.R. in last Weight of 
Body weight experiment Hover kidney 
Animal (kg) (ml./min) (g) G.F.R./g kidney 
‘Marion’ 21 49-5 65 0-76 
‘Noise’ 21 65-0 92 0-71 
‘Sheila’ 20 39-1 75 0-52 


It is not generally appreciated in physiological studies how high the incidence 
of canine (spirochaetal) nephritis can be. Dempster (1953) found a 50% inci- 
dence in a large series of mongrel dog kidneys, but greyhounds showed only 
a small incidence, although serological incidence of past infection is the same 
in all breeds (Broom & McIntyre, 1948). Of the greyhounds used in the 
present work, only ‘Sheila’ showed histological signs of nephritis: gross 
thickening of Bowman’s capsule, interstitial fibrosis and occasional oblitera- 
tion of tufts. This pathological state was associated with a lower G.F.R. in 
relation to kidney weight than in the other animals, as may be seen in Table 4, 
and failure to recover rapidly from the depressant effects of a high plasma 
glucose concentration. In view of these facts, it seems not unlikely that many 
of the discordant results obtained in acute experiments on dogs, and probably 
other mammals, may be associated with malfunction accompanying patho- 
logical lesions in the kidney. 

SUMMARY 

1. Infusion of hypertonic glucose solutions results in reduction of G.F.R. and 
of glucose reabsorption in dogs with normal and with autotransplanted 
kidneys; the effect is reversible (Table 1; Figs. 1, 2). 

2. A similar decrease in G.¥.R. results when half or more of the infused 
glucose is replaced by mannitol, and glucose reabsorption is also depressed 
(Fig. 1; Table 2). 
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3. Induction of pentobarbitone anaesthesia has little effect on G..r. At 
comparsble plasma glucose concentrations, glucose reabsorption is somewhat 
depressed by the anaesthetic (Table 3; Fig. 3). 

4. Histological evidence of nephritis in one animal was associated with 
a relatively low G.¥.R. in relation to kidney weight and with failure of rapid 
recovery of function after depression by infusion of hypertonic glucose solution 
(Table 4). 


The expenses of this investigation were defrayed by a grant from the Medical Research Council, 
to whom two of us (W. J. D. and 8. 8.) are also indebted for a personal grant. The valuable help of 
Sheila Frost in giving able technical assistance during the course of the investigation is gratefully 
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vs THE DIFFUSION OF WATER VAPOUR THROUGH 
HUMAN SKIN 


By D. F. BREBNER, D. McK. KERSLAKE anp J. L. WADDELL 
From the R.A.F. Institute of Aviation Medicine, Farnborough, Hants 


(Recewed 15 November 1955) 


Observations on human subjects congenitally devoid of sweat glands (Loewy 
& Wechselmann, 1911; Richardson, 1926; Sunderman, 1941) and on the skins 
of normal subjects whose sweat glands have been inactivated (Trolle, 1937; 
Pinson, 1942; Burch & Winsor, 1944) have demonstrated that there is a loss 
of water from the skin which is not dependent on the secretion of sweat. It 
appears probable that this loss represents the passive diffusion of water through 
the epidermis, as was assumed by Taylor & Buettner (1953). This view is 
supported by Pinson’s (1942) results, and by others involving the collection 
of water from small skin areas covered by capsules through which dry gas is 
passed (Trolle, 1937; Burch & Winsor, 1944). It is less precisely fitted by the 
findings of those investigators who have measured the loss of water from the 
whole body under various environmental conditions (Wiley & Newburgh, 
1931; Gagge, 1937; Winslow, Herrington & Gagge, 1937a, 6; Johnston & 
Newburgh, 1942; Peters, 1944). 

The rate of water loss is stated to increase with rising skin temperature and 
to decrease with rising environmental humidity, as is to be expected on the 
basis of a simple diffusion: but in order to account for discrepancies in the 
quantitative relations additional factors have been directly or indirectly pro- 
posed. The difficulties can always be overcome by supposing that the impedance 
of the superficial tissues to diffusion can alter, either as a direct result of 
alterations in skin blood flow (Hardy & Soderstrom, 1938; Newburgh & 
Johnston, 1942; Wright, 1948), or as a result of changes in the effective level 
at which evaporation occurs (Taylor & Buettner, 1953). The active obstruction 
offered by some of the cells of the epidermis to the passage of water might also 
be expected to exert some effect, such as the operation of a constant or varying 
back pressure, which would have to be subtracted from the simple vapour 
pressure difference (Burch & Winsor, 1944). 

The work described in this paper was performed in order to determine 
whether these complicating factors are responsible for the lack of agreement 
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between the capsule experiments and those on the whole body, or whether 
the discrepancies can be ascribed to the secretions of the constantly acting 
sweat glands known to exist in some regions, and to possible errors in the 
estimates of pulmonary weight loss which have been used. 


METHODS 


The subject sat on a deck chair with a leg rest. The canvas of the chair and leg rest was replaced 
by a wide mesh nylon net in order to permit free passage of water vapour from the skin of the back. 
He wore no clothing except for a leather flying helmet, rubber gloves, close fitting thin rubber 
slippers and small sheets of polyvinylchloride arranged to cover and prevent evaporation from the 
axillae, pubic and perineal regions and the face. He breathed from a face mask, which was con- 
nected through valves to a closed circuit system consisting of a soda-lime container in the expira- 
tion line, an oxygen-filled bag of about 20 1. capacity and a return inspiratory line. The respiratory 
circuit could be switched from the bag to room air. Oxygen consumption over the period of the 
experiment was estimated by first emptying the bag and introducing a measured volume of 
oxygen. When the subject was ready for the experiment to begin he made a full expiration, at the 
end of which his respiratory circuit was switched from room air to the bag. At the end of the 
period of observation he made another full expiration and the mask was switched back to room 
air. The remaining oxygen was then pumped out of the bag through a gas meter, and the oxygen 
consumption found by difference. Repeated filling and emptying of the bag could be performed 
with an error of about 0-1 1., so that the chief inaccuracy of the method lies in the reproducibility 
of the subject’s full expirations. Since posture was identical on both occasions this error is not 
likely to be great. The entire assembly was mounted on the platform of a continuously recording 
balance. Weight loss from the respiratory tract was eliminated by the use of the closed circuit 
system mounted on the balance, but allowance had to be mado for the change in buoyancy of the 
system as oxygen was consumed. This accounts for an increase in apparent weight of about 
20 g/hr, and it is considered that it could be estimated to within +1 g/hr. The record produced by 
the balance was usually slightly irregular, but the mean slope over a half-hour period of observation 
could be read to within +1 g/hr. Cases in which there appeared to be changes in the rate of 
weight loss throughout the period of the observation were rejected. The cutaneous water loss of 
the subject was expressed as the sum of the weight loss recorded on the balance (negative if there 
was a gain in recorded weight) and the weight of the air displaced by the oxygen consumed during 
the experiment. The whole was then expressed in g/hr. 

Skin temperature was measured at thirteen points not covered by the clothing. These were 
chosen so that the mean of the readings was approximately correctly weighted for the different 
areas. An end to end copper-constantan thermocouple, lightly tensed bow-string fashion on a 
plastic holder, was applied to each point in turn, with sufficient pressure to produce slight deforma- 
tion of the skin. The temperatures were read on a galvanometer calibrated at the end of each 
experiment. 

Experiments were performed in a room in which air temperature was controlled to better than 
+0-25° C and relative humidity to better than +0-5%. The air movement was a complex 
circulation from ceiling distributors to extraction orifices at the four lower corners of the room. 
Katathermometer readings in the region occupied by the subject gave air movement values 
between 45 and 55 ft./min. 

The room conditions were set up at least 12 hr before the experiment began, and it was found 
that after this time there was no further change in weight of the chair. The nude subject entered 
the room half an hour before the beginning of the experiment and rested until the preparations were 
complete. He then put on the clothing and took his place on the balance. The skin temperatur’s 
were measured and the balance adjusted. The subject then made an expiration, the respiratory 
circuit was switched over and the balance started. After about half an hour the recording ws 


a> - . ae aa 


INSENSIBLE PERSPIRATION 227 


stopped, the respiratory circuit switched back to room air, after another full expiration had been 
made, and the skin temperatures measured again. The mean of both sets of skin temperatures 
was taken a6 the mean skin temperature. Ambient temperature and humidity were measured at 
intervals during the experiment. 


Table 1. Observations of cutaneous water loss of resting subjects under various ambient conditions. 
Results are calculated from a half-hour period of observation. The column headings refer to 
the following quantities: Dry, ambient dry-bulb temperature (° C) which was equal to the 
wall surface temperature; Wet, ambient wet-bulb temperature (°C); p,, ambient water 
vapour pressure (mm Hg); R, air displaced by oxygen consumption (g/hr); W, recorded rate of 
weight loss (g/hr); R + W, sum of the previous two columns, representing the rate of cutaneous 
water loss; 7’, mean temperature of exposed skin (° C); p; saturated water vapour pressure 
at skin temperature (mm Hg). 


Dry Wet Pa R Ww R+W T, 
Subject D.B. Total surface area 1-8 m* (Dubois) 
29-1 21:6 16 25 41 66 34-25 41 25 
28-1 21-2 15 26 -3 23 34:3 41 26 
27-7 20-9 15 28 -5 23 34:3 41 26 
27-4 25-7 24 27 -3 24 33-95 40 16 
26-9 14-8 6 30 -2 28 33-7 39 33 
21:8 17-9 14 28 -—10 18 31-65 35 21 
23-5 15-4 i) 25 -} 24 32-4 36 27 
24-3 22-3 19 22 -4 18 33-05 38 19 
28-0 23-5 19 24 -4 20 34-5 41 22 
27:5 16-0 s 27 3 30 34-45 41 33 
Subject J.W. Total surface area 1-84 m? (Dubois) 
23-4 14-4 s 25 -4 21 32-9 38 30 
27-6 » 22-1 17 24 -8 16 34-0 40 23 
24-0 21-5 18 24 -7 17 32-75 37 19 
27-2 16-9 23 22 34-0 31 
28-2 17-3 9 21 0 21 34-1 40 31 
28-8 25-0 22 23 -8 15 34-6 41 19 
29-7 20-9 14 23 -2 21 35-15 42 28 
29-1 20-5 14 26 —4 22 34-5 41 27 
27-8 20-4 14 23 -2 21 34-6 41 27 
22-1 17-8 13 24 -7 17 32-7 37 24 
26-8 16-1 8 24 -2 22 33-7 39 31 
28-0 22-4 18 23 -6 17 33-85 39 21 
RESULTS 


Satisfactory weight records were obtained in a total of twenty-two experiments 
on two subjects. The results are set out in Table 1, which shows the observed 
temperatures and the components from which the total water loss was calcu- 
lated. The columns of importance in the subsequent examination of the data 
are those showing the total skin water loss, the saturated water vapour pressure 
at skin temperature, the ambient water vapour pressure and the difference 
between the last two pressures. If a simple diffusion mechanism is assumed, 
the rate of water loss should be given by . 


—pa) +¢ 
where W is the rate of cutaneous water-loss, p* the pressure of saturated water 


vapour at skin temperature, p, the ambient water vapour pressure, k the 
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permeability of the skin and air layers to water vapour, and ca constant repre- 
senting possible systematic errors. With two exceptions, the data plotted in 
Fig. 1 fit such an equation. For subject D.B. the regression equation is 


W =(0-831 + 0-055) —p,)+1:49+1:-46 (+8.£.). 
For subject J.W. 
W =(0-525 + 0-079) (p¥ —p,)+5°7242-21 (+8.8.). 


The intercepts are not significant in either case, and the data can be re- 
presented by regression lines constrained to pass through the origin, with the 


following equations: 
D.B. W=0-89(p¥ —p,), 
J.W. W=0-74(p* —p,). 


10+ Subject D.B. 10 
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(p;—p,) mm Hg (p!—p,) mm Hg 


Fig. 1. The relation between the rate of cutaneous water loss and the vapour pressure gradient 
from saturation at skin temperature to ambient. Rings indicate two coincident markings. 


It will be seen that the first and fourth experiments on D.B. give points 
considerably above the regression line, which has been drawn through the 
remainder of the results. Such cases would be expected to arise when some 
activity of the sweat glands in the exposed skin areas was taking place, and 
this has been assumed to be the reason for these discrepancies. The first result 
was obtained at the highest ambient dry-bulb temperature and the second at 
the highest humidity and wet-bulb temperature. These results have been 
omitted from the calculations. 

The range of skin temperatures examined was limited by the need to prevent 
thermal sweating or shivering, and is equivalent to a range of about 6 mm Hg 
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in the saturated vapour pressure at skin temperature. The range of ambient 
vapour pressure was limited by the need to keep the dry-bulb temperature 
below 29° C in order to prevent sweating and by the minimum ambient 
humidity available of about 6 mm Hg. These ranges are sufficient, however, 
to demonstrate that the cutaneous water loss is dependent on both the ambient 
water vapour pressure and on the saturated water-vapour pressure at skin 
temperature. This has been shown by a dual regression of cutaneous water 
loss on skin vapour pressure and ambient vapour pressure. The coefficients 
were found to be significant in each case and did not differ significantly in 


magnitude, although of opposite sign, as is to be expected. The values are set 
out in Table 2. 


Table 2. Partial regression coefficients of rate of skin water loss on saturated vapour 
— at skin temperature and on ambient vapour pressure 


Coefficient 
Subject P; Pa 
D.B. +0-946 +0-116 — 0-810 + 0-058 
J.W. +0-674+ 0-231 — 0-513 + 0-083 
DISCUSSION 


The results poe that when the secretion of the constantly acting sweat glands 
is not permitted to evaporate, loss of water vapour from the remainder of the 
skin takes place in a manner consistent with a simple diffusion process from 
an interface near the skin surface. Although the observations on both subjects 
were fitted by regression lines having insignificant intercepts, small intercepts 
might be expected to be present on account of the slightly higher temperature 
at the interface, the depression of vapour pressure caused by the dissolved 
substances in tissue fluid and the errors in measurement of skin temperature. 
No evidence was found of a change in the permeability of the epidermis under 
different temperature conditions, and since the subject’s physiological state 
varied from nearly sweating to nearly shivering it is improbable that cutaneous 
vasodilation significantly affects this function. 

It seemed possible that the permeability might be affected by variations in 
epidermal hydration resulting from the different skin relative humidities (Mole, 
1948), but this was not sustained by the findings. Under the conditions of air 
movement used in these studies, a vapour pressure gradient of about 1 mm Hg 
is required in order to evaporate 20 g/hr from a wet surface of 1-5m?. The actual 
vapour pressure at the skin surface was thus about 1 mm Hg higher than 
ambient in all cases, and so varied from 7 to 25 mm Hg. This represents a 
range of about 17-62% in skin relative humidity. Over this range there was 
no detectable change in the permeability of the epidermis. It will be appreci- 
ated that as the bulk of the diffusional resistance in these circumstances is 
deep to the skin surface, this wide range of relative humidity was not associated 
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with any change in wetted area (Gagge, 1937), which remained constant at 
about 4%. 
_ The findings agree with those cited in the introduction which favour a 
simple diffusion hypothesis. The results obtained from studies on the loss of 
water from the whole body, which were found not to be in quantitative agree- 
ment with this view, may be explained in terms of the constantly acting sweat 
glands and of possible errors in the assumption of the weight loss from the 
respiratory tract. However, Buettner (1953), in capsule studies at high vapour 
pressures found that skin water loss was zero when the ambient vapour 
pressure (in the capsule) was about 20 mm Hg, although the skin temperature 
was about 35°C (p*=42 mm Hg). Raising the vapour pressure further 
resulted in the passage of water into the skin at substantial rates (e.g. about 
20'g/m*/hr at 34 mm Hg). These experiments were performed chiefly on the 
hairless inner side of the forearm. They lead to the expectation that at an 
ambient vapour pressure of 20 mm Hg there should have been no measurable 
loss of water from the skin surface. There is clearly a disagreement with the 
findings described in the present paper, which is not easy to reconcile. It 
seems improbable that activity of the thermal sweat glands can be made to 
account for the observed water loss at this ambient water vapour pressure, 
since the amount is small and thermal sweating is not usually so accurately 
reproducible. Alternatively, it may be supposed that the absence of hair from 
the area studied by Buettner (1953) and its prevalence over most of the 
exposed surfaces of the subjects used in the present study may explain the 
difference. It must then be assumed that hairless epidermis behaves as Buettner 
describes, but that water vapour can diffuse along hair stems or follicles with 
greater freedom. It would be impossible to demonstrate this by shaving the 
subjects, since the resistance to diffusion of water is relatively very small in 
the air layer, being located mainly in the epidermis, beyond effective reach of 
the razor. 

Whether the transfer of water takes place in several ways, or whether it is 
indeed a simple diffusion and an alternative explanation must be sought for 
Buettner’s findings, it may be empirically expressed, over the range of con- 
ditions studied in the present investigation, as a simple function of the vapour 
pressure gradient from saturation at skin temperature to ambient. 


SUMMARY 
1, Past observations of total skin water loss from non-sweating subjects 
have failed to agree quantitatively with the hypothesis that such water loss 
is due to a passive diffusion of water through the epidermis. 
2. The discrepancies may have been caused by including in the weight loss 
the sweat produced by constantly sweating areas and by possible inaccuracies 
in the estimation of weight loss from the respiratory tract. 
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3, When these factors are controlled it is shown that the rate of water 


loss is a simple function of the vapour pressure gradient from saturation at 
approximately skin temperature to ambient water vapour pressure. 


We are grateful to the Director-General of Medical Services, R.A.F., for permission to publish 
this work. 
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METHODS OF MEASUREMENT AND A STUDY OF THE 
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Two separate techniques have resulted from the recent re-introduction of 
methods, originally described by the Kroghs in 1910 (Krogh & Krogh, 1910), 
for the measurement of the pulmonary diffusing capacity. Both of the 
methods used by the Kroghs have been modified in recent years. The first, here- 
after called the ‘breath-holding technique’, was first fully described by Marie 
Krogh in 1915, and was recently modified by Forster, Fowler, Bates & van 
Lingen (19545), by incorporating helium in the inspired gas mixture. The 
second involves the study of the rate of uptake of carbon monoxide during con- 
tinuous breathing. In this method, the mean alveolar CO concentration may be 
calculated either from the measured arterial CO, tension, as in the technique 
described by Filley, MacIntosh & Wright (1954), or by the direct measurement 
of the end tidal concentration of carbon monoxide (Bates, Boucot & Dormer, 
1955). To date, only one attempt has been made to compare the results 
obtained with any of these techniques, and in this study by Forster, Cohn, 
Briscoe, Blakemore & Riley (1955), two carbon monoxide techniques were 
compared with the oxygen method of Riley. Their results showed, in general, 
poor agreement between the two CO methods. The final figures for the resting 
Doo were within 2 ml./min/mm Hg in two subjects only; within 10 ml./min/mm 
Hg in three subjects, and in the remaining two subjects there was gross dis- 
crepancy. The repeated estimations, using the Krogh method, showed good con- 
sistency. In the majority of the subjects, the Do determined by the Krogh 
method was considerably lower than that found by the steady state method. 
' The present experiments were planned with two purposes in view. First, 
to compare the diffusing capacity obtained by the breath-holding and steady- 
state techniques using, in the latter, end tidal sampling, under conditions that 
might produce a change in the diffusing capacity; and secondly, to measure 
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the pulmonary diffusing capacity by both techniques with the subject lying 
flat and sitting upright. The changes in the subdivisions of lung volume were 
also measured, since an accurate estimate of the residual capacity of the lungs 


is required for the calculation of the diffusing capacity by the breath-holding 
technique. 
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Fig. 1. Apparatus for determination of Doo by Krogh’s method. A, 101. bag, in 15 1. aspirating 
bottle, containing inspired gas mixture; B, inspired gas mixture for sampling; C, bag for 
collection of expired alveolar sample; X, Y, Z, 3-way 2 cm diameter metal taps; D, 
spirometer; HZ, rapid kymograph with } sec time marker; H, side tube for attachment to 
pump used for washing out apparatus. 


METHODS 


Measurement of the subdivisions of lung volume. These were measured, together with the mixing 
efficiency of the lungs, by the technique described by Bates & Christie (1950). The median of three 
vital capacity measurements was taken as the vital capacity. 

Krogh breath-holding technique. The measurement of diffusing capacity by this technique was 
performed by the method described by Forster ef al. (1954) with the following slight modifications: 
(a) the helium concentrations were measured by katharometer and not with a mass spectrometer; 
(6) the duration of the period of breath-holding was accurately timed on a rapid kymograph record 
since this could not be done from the mass spectrometer record. 

Details of the circuit used are shown in Fig. 1. The procedure used was as follows. The apparatus 
was prepared by filling the bag B, the enclosed bag A, and the connecting tube with inspired gas 
mixture of the following composition: He, 14% ; N,, 65-7%; 0,, 20%; CO, 0-3%; from a prepared 
cylinder of this mixture. Mixing was ensured in the apparatus by alternate pressure on bag B 
and on the spirometer. The spirometer itself and the aspirating bottle contained air. Tap Y was 
turned to connect the mouthpiece with the flexible tube that joins with tap Z. The latter was 
turned so that all three limbs were in communication. The subject, wearing a nose clip, now 
breathed from the spirometer through the mouthpiece, and his quiet respirations were recorded 
on the kymograph. On command, he expired to his full extent, tap Y was turned, and he took 
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a full inspiration from A as quickly as possible. He held his breath for about 10 sec as timed by 
a stopwatch, and expired as rapidly as possible. After about 1 1. had been expired, as indicated 
on the kymograph, the operator turned tap X to collect the alveolar gas in bag C, which had been 
previously evacuated. After the sample had been collected in bag C, tap X was turned to its 
previous position. The duration of collection of the expired alveolar sample was checked from the 
kymograph; in no case was it more than 1} sec. If this period is prolonged by a slow expiration, 
considerable error may be introduced into the measurement. Gas remaining in bag A was analysed 
to give the initial inspired concentration, and the gas in bag C provided the mean expired alveolar 
concentration of CO and helium. The calculation was the same as that described elsewhere (Forster 
et al. 19546). The duration of the breath-holding was taken as the time in seconds from the start 
of full inspiration to the beginning of the sample collection as seen on the record. Early experi- 
ments showed that this period could not be measured accurately enough by means of a stopwatch. 
The residual capacity of the subject was measured independently in both body positions by the 
helium closed-circuit technique referred to above. 

Steady-state end tidal sample technique. This method is the same as that previously described by 
Bates et al. (1955) with the following slight modifications: (a) an improved actuator for the relay 
has been designed, using a large tambour operating a sensitive microswitch; the taking of the 
end tidal sample is thus fully automatic; (b) all gas to be analysed is passed through CaCl, and 
the appropriate corrections are made; this reduces the possibility of error due to a change in 
sensitivity of the CO analyser to water vapour. 


Procedure 


All experiments, in either the sitting or lying position, were done after a preliminary period 
of 10 min at rest in the appropriate position; in the former, sitting upright, and in the latter 
lying flat on a Dunlopillo mattress covering a trolley. 


RESULTS 


The physical characteristics of the subjects are shown in Table 1. Table 2 is 
a complete record of individual figures obtained in each subject in the two 
positions that were studied. The mean results of the changes in the subdivisions 
of lung volume, in the efficiency of gas mixing, and in the diffusing capacity 
as measured by the two techniques, are shown in Table 3. 

Changes in the subdivisions of lung volume. There is an average decrease of 
just over 500 ml. in the functional residual capacity when the subject lies flat. 
This is in good agreement with the results of other workers (Fowler, 1950; 
Blair & Hickam, 1955). The change in vital capacity only is but slight, the 
mean diminution of 170 ml. being comparable with the mean decrease of 
157 ml. found by Osher (1950) after 10 min of recumbency. 

Change in mixing efficiency. The uncorrected figures in column 6 of Table 2 
suggest that the mixing efficiency improved when the subject lay flat. This 
index of mixing efficiency corrects for changes in functional residual capacity 
and would not have been affected by variations in it of the magnitude of those 
found here. However, Fowler (1950) has shown that the respiratory dead 
space decreases on recumbency by an average of 40 ml. in normal subjects. 
This decrease would affect significantly the helium mixing index as shown in 
column 6, and would result in apparently greater efficiency in this position 
since the effective tidal volume would be larger. In column 7 are shown the 
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Table 1. Physical characteristics of subjects 


Height Weight B.S.A. 
Name Age (cm) (kg) (m?) 
J.F.P. 29 183 77 1-96 
P.J.F. 25 188 79 2-04 
° 23 173 66 1-77 
A.B. 25 168 60 1-66 
L.A.R. 41 178 68 1-83 
L.S.B. 38 168 74 1-84 
Table 2 
Steady-state Breath- 
¥.R.0.  T.L.V. Corrected holding 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
J.F.P. 8 543 206 6-40 76 76 166 147 16-5:17-0 
L 524 199 #650 81 76 23-2 25-0: 24-0 
P.J.F. 8 574 420 760 88 88 162 147 #8160 
L — 4-12 — 103 79 210 167 £200 
B.J. 8 417 256 5-50 71 71 186 164 220 
L 400 233 500 93 65 178 44 240 
A.B. 8 4-41 339 =: 6-40 62 62 10-1 94 12-0:12-4 
L 442 286 610 52 49 148 1i4 15-5:16-0 
L.A.R. 8 433 330 6-40 83 83 195 1657 210 
L 408 225 590 #£«42104 100 20-7 206 224 
L.S.B, 8 380 240 530 60 60 8-5 84 13-0 
L 3°55 187 5-30 66 62 10-8 97 140 


8, sitting; L, lying; v.c., vital capacity; ¥.n.0., functional residual capacity; T.L.v., total lung 
volume; M.B. %, mixing efficiency %; corrected m.z. %, mixing efficiency corrected for change in 
dead space; Doo Il = Doo calculated from end tidal samples (Bates ef al. 1955); Doo IV =lowest 
likely estimate of Doo. The duplicate figures in column 10 are of repeat measurements by this 
method. 


Table 3 
Steady-state Breath-holding 
‘00 Doo 
Name Lying Sitting Diff. Lying Sitting Diff. 
J.F.P 23-2 16-6 +6-6 25-0 16-5 +85 
P.J.F 21-0 16-2 +48 20-0 16-0 +40 
BJ 17-8 18-6 -0-8 24-0 22-0 +2-0 
A.B 14-8 10-1 +47 15-5 12-0 
L.A.R. 20-7 19-5 +1-2 22-4 21-0 +14 
LS.B 10-8 8-5 +23 14-0 13-0 +10 
Mean 18-05* 14-91t +3-1 20-15* 16-75t +3-4 
Lying Sitting Diff. 
F.B.C. Mean 2°57 3-13 0-56f 
T.L.V Mean 5-94 6-00 — 0-06 
v.C. Mean 4-26 4-43 -0-17 
M.E. % corrected Mean 71 73 -2 


* Statistically these are not significantly different. 

+ Statistically these are not significantly different. The differences between * and + in each case 
are significant, 

} This is the only statistically significant change in this group. 
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indices of mixing adjusted by the correction of the effective tidal volume in 
each case, assuming a dead space decrease of 40 ml. This adjustment might be 
expected to correct approximately for the alteration in dead space. When such 
a correction is applied to the present results, no consistent change of mixing 
efficiency with change of posture is observed. 

Diffusing capacity. In Table 3 the breath-holding Dgg is compared to the 
steady-state Doo as calculated from the analysis of end tidal gas (Dog II of 
Bates et al. 1955). This represents the highest likely estimate of Dog since the 
end tidal CO concentration may be taken as the lowest likely mean alveolar 
CO. It will be seen that there is generally good agreement between the two 
techniques with the subjects both lying and sitting. Although the breath- 
holding results are consistently higher than the steady-state results, the dif- 
ference is not statistically significant in this small group. However, since the 
steady-state Doo is the highest likely estimate, it appears that the Krogh 
breath-holding method does produce slightly higher results. Both methods 
agree in showing an average increase of just over 3 ml. CO/min/mm Hg in the 
diffusing capacity when the subject lies flat. The single result on the steady- 
state method on subject B.J., which shows a reverse tendency, is probably due 
to error. 

DISCUSSION 

Blair & Hickam (1955) have investigated the rate of helium washout in 
normal subjects, and the variations produced by different body positions. 
They have shown that lying flat decreases the volume and ventilation rate of 
the so-called ‘slowly ventilating’ space. However, it is not easy to draw any 
general conclusions from this as the method they used was not capable of 
measuring changes in the rapidly ventilated part of the lungs; but it seems 
probable that inspired gas distribution is slightly less uniform when the subject 
lies flat, This matter can only be settled finally by a comparison of the pulmo- 
nary N, clearance rates in different body positions using the technique developed 
and described by Fowler, Cornish & Kety (1952). 

It is clear that the two methods of measuring the Doo give satisfactorily 
comparable results in normal subjects. The fact that the breath-holding Doo 
is very slightly higher than the highest likely estimate on the steady state may 
indicate that the taking of a large breath influences the measured Dog, but 
the effect if present is very small. Both methods agree in showing an increase 
when the subject lies flat. It has been shown previously that in different 
individuals the,Doo on exercise is closely related to the functional residual 
capacity (Bates et al. 1955). This volume in a normal subject is presumably 
directly related to the surface area of blood continuously exposed to gas. It 
was therefore of particular interest to find that the Dog on lying down increases, 
whereas the functional residual capacity decreases; thus making it clear that 
the change in Dog cannot be explained by the changes in the subdivisions of 
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lung volume. If it be assumed that the change in body position cannot in- 
fluence either the kinetics of combination of CO with Hb, or the permeability 
of the erythrocyte or pulmonary membranes, then any change in Dog may be 
explained by either or both of the two following factors: (a) there may be a 
quantitative increase in the volume of blood surrounding the alveoli (pulmonary 
capillary blood volume); or (b) there may be an alteration in diffusion in 
relation to contained gas volumes or ventilation within the lung, giving a 
more uniform system and therefore a higher estimate of overall Doo. The 
reason for this effect has been described by Forster, Fowler & Bates (1954<). 
All these mechanisms may be operating together, and this study contains 
no data enabling one to decide which of the two possibilities is the more 
likely. 

There is certain additional evidence on the effect of body position which may 
be relevant. Since, in this study, both the breath-holding Dog and the steady- 
state Dog agree on the magnitude of the increase, there would have to be a 
change in diffusion both in relation to contained alveolar volume and in 
relation to ventilation, since the former influences the breath-holding technique 
and the latter the steady-state results. There is suggestive evidence that when 
a normal subject lies flat, the ventilation perfusion ratios in the upper lobes of 
the lungs change (Martin, Cline & Marshall, 1953); and Carlens (personal 
communication, 1955) using a triple lumen catheter, has been able to show 
that this change is due to an improvement in perfusion of the apices of the 
lungs with no change in ventilation. It may be inferred from this, that when 
the subject lies down, the diffusing capacity in the apices of the lungs increases 
with respect both to the contained alveolar gas volume and the ventilation. 
This would in turn result in a measurable increase in diffusing capacity as 
estimated by both techniques. It is true that increased perfusion does not, 
ipso facto, mean that the rate of gas diffusion will increase, but the known 
effect of exercise in increasing the Do, would lead one to infer that it would do 
so under the conditions of this experiment. It seems unlikely that the slight 
rise in cardiac output described by Donald, Bishop, Cumming & Wade (1953) 
when lying flat would influence the Doo significantly. 

If the increase in diffusing capacity observed were to be ascribed solely to 
an increase in the pulmonary capillary blood volume, it may be calculated 
that the resting figure for this volume of 60 ml., as computed by Roughton 
(1945), would have to increase by about 10 ml. to account for it. 


SUMMARY 


1. The steady-state and breath-holding methods of calculating the pulmo- 
nary diffusing capacity for CO give closely comparable results in six normal 
subjects when sitting upright or lying flat. 
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2. The pulmonary diffusing capacity is increased by a mean of 3 ml. 
CO/min/mm Hg when the subject lies flat. Changes in subdivisions of lung 
volume have been the same as those found by other workers. 

3. It is considered that the most likely explanation for this increase in 
diffusing capacity is a more uniform distribution of blood within the lung 
when the subject lies flat, though the possibility that there is an actual increase 
in the pulmonary capillary blood volume cannot be excluded. — 
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THE INFLUENCE OF TEMPERATURE ON THE ACETYL- 
CHOLINE OUTPUT FROM A SYMPATHETIC GANGLION 


By KRISTA KOSTIAL ann V. B. VOUK 


From the Institute for Medical Research, Yugoslav Academy 
of Sciences and Arts, Zagreb, Medvekéak 110, Y ugoslavmia 


(Recewed 15 November 1955) 


Brown (1954), using the ganglion perfusion technique described by Feldberg 
& Gaddum (1934), showed that a decrease of temperature from 39 to 20° C 
caused a tenfold reduction in the output of acetylcholine (ACh) from the cat’s 
superior cervical ganglion. The purpose of our experiments was to establish 
the degree of temperature control necessary to obtain constant results when 
using the modified technique of Hutter & Kostial (1954). It was surprising to 
find that temperature had no effect in the range from 39 to 20°C. It is suggested 
that the difference between this result and that of Brown is due to the different 
frequencies of stimulation employed. 


METHODS 
Anaesthesia in cats was induced with ethyl chloride and ether and maintained by intravenous 
injection of chloralose, 0-1 g/kg. The superior cervical ganglion was prepared for perfusion by the 
conventional method with modifications suggested by Perry (1953). The preganglionic cervical 
trunk was stimulated through platinum electrodes with square voltage pulses of 0-1 msec duration. 
The shocks were supramaximal. The postganglionic trunk was tied and eserine sulphate (1: 100,000) 
added to Locke’s solution which was used as perfusing fluid. Using stimulation periods of 5 min 
at a frequency of 2/sec and allowing resting periods longer than 5 min, a series of samples containing 
approximately the same amount of ACh could be obtained (Hutter & Kostial, 1954). ACh was 
assayed on the blood pressure of chloralosed, eviscerated cats. 

The temperature was measured by means of a copper-constantan needle thermocouple connected 
to a galvanometer (‘ Kipp’ Portable Galvanometer, Type A70 with magneticshunt) ; thesensitivity 
of the galvanometer was adjusted in such a way that 0-2° C corresponded to 1 mm on the galvano- 
meter scale, The reference junction of the thermocouple was maintained at 20° C. 

A special perfusion apparatus with double walls was used in connexion with double-walled 
‘Tygon’ tubing ending at the inflow cannula. This arrangement enabled us to maintain the 
temperature of the perfusion fluid at a desired level by countercurrent circulation of water from 
a thermostat. The ganglion which remained in situ was surrounded by thermostatically controlled 
Locke’s solution maintained in circulation by means of a glass hand-pump. The needle thermo- 
couple was immersed in Locke’s solution and was touching the outer part of the ganglion. Before 
stimulation the ganglion was exposed to a given temperature for 5 min. 
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The number of samples collected during each experiment varied from one to five. All experi- 
ments were performed with temperature decreasing throughout the experiment because in experi- 
ments carried out in the opposite direction (i.e. increasing the temperature) air bubbles sometimes 
blocked the passage of fluid and the perfusion stopped. 


RESULTS 


The results from the experiments performed on seven cats are plotted in Fig. 1 . 
The scatter in the results is expected, particularly the variation between 
experiments. It is obvious, however, that lowering the temperature only 
produces a large reduction in the output of ACh in the range from 20 to 10° C. 
In the upper range between 42 and 20° C temperature is without any significant 
effect. 


50 © oe © © © 
2 30 

0 10 20 30 40 
Temperature (°C) 


Fig. 1. Effect of temperature on acetylcholine output from the superior cervical ganglion of the 
cat perfused with Locke’s solution: 5 min samples, preganglionic trunk stimulated at 2/sec 
supramaximal shocks. Data obtained in experiments on seven cats. 


DISCUSSION 


At first sight these results appear to contradict those reported by Brown (1954). 
He showed a tenfold reduction in ACh output with a temperature drop from 
39 to 20° C, whereas our results show a hardly significant reduction with this 
change. This apparent discrepancy can, we believe, be explained by a difference 
in the frequencies of stimulation used in the two sets of experiments. In the 
earlier work Brown used a frequency of 10/sec, but in the present work 2/sec 
was used. A high frequency of stimulation tends to exhaust the stores of ACh 
so that the output falls to a level limited by the rate of synthesis (Hutter & 
Kostial, 1954; Perry, 1953). It would seem, therefore, that Brown’s experi- 
ments indicate that the rate of synthesis has a high temperature coefficient, 
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whereas our results suggest that the amount of ACh liberated by a single 
shock is unaffected by temperature. This point could be confirmed if it were 
possible to measure the quantity of ACh in the perfusate after a single pre- 
ganglionic shock. Several hundred volleys, however, are necessary to obtain 
measurable quantities of the transmitter. To study the effect of temperature 
on release separately frov1 its effect on synthesis it will be necessary to use as 
low a frequency of preganglionic stimulation as possible. 

The aim of this work was to find the degree of temperature control of the 
ganglion necessary when studying the output of ACh. The results show that 
with the Hutter & Kostial technique, temperature is without effect over a 
wide range. 

SUMMARY 


1. In order to find the degree of temperature control necessary in ganglion 
perfusion experiments, cat’s isolated superior cervical ganglion was perfused 
with Locke’s solution, and the ACh output at different temperatures deter- 
mined. The preganglionic trunk was stimulated at 2/sec with supramaximal 
shocks. 

2. Within the range from 40 to 20° C temperature was without appreciable 
effect. Significant reduction in.the ACh output was noticeable in the tem- 
perature range between 20 and 10° C. 


We wish to thank Prof. G. L. Brown and Mr J. Pascoe, Department of Physiology, University 
College London, for their stimulating interest in these experiments, and also Miss Ljerka Purec 
from our laboratory, for her valuable assistance. 
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THE EFFECTS OF ACETYLCHOLINE AND OTHER DRUGS ON 
THE ISOLATED SUPERIOR CERVICAL GANGLION 


By J. E. PASCOE 
From the Department of Physiology, University College London, W.C. 1 


(Received 18 November 1955) 


The depolarization of the cat’s superior cervical ganglion by drugs has been 
studied by Paton & Perry (1953) and by Lundberg & Thesleff (1953). Their 
experiments were made in vivo with known quantities of drugs injected into 
the ganglionic circulation. This technique, whilst preserving the ganglion 
in a physiological condition, is not ideal for quantitative studies. With the 
ganglia isolated in vitro the concentration of drug can be more easily controlled 
and electrical recording is easier. A technique has been developed for measuring 
the potential changes produced by drugs on the isolated superior cervical 
ganglia of rats and rabbits. This has been used to study the depolarizing action 
of acetylcholine and its modification by tubocurarine. Some of the results 
have been reported in a preliminary communication (Pascoe, 19555). 


METHODS 


Dissection. Rabbits were anaesthetized with a 25% solution of urethane 1-8 g/kg by ear vein. 
The ganglia with the pre- and post-ganglionic trunks were dissected and placed in cold Locke’s 
solution, The postganglionic nerve used was the internal carotid nerve. The ganglionic capsule and 
postganglionic sheath were slit with fine scissors and removed. For survival operations on rabbits 
anaesthesia was produced by sodium pentobarbitone followed by ether and full aseptic precau- 
tions observed. Rats were anaesthetized with either 25% urethane 1-6 g/kg or 6% sodium 
pentobarbitone 1 ml./kg intraperitoneally; for survival operations open ether was used. 

Recording. To avoid the effects of amplifier drift when measuring long-lasting potential 
differences a fluid-moving electrode was used similar to that described by Fatt (1950). This enabled 
drugs to be added to the fluid surrounding the ganglion without mechanical or electrical disturb- 
ance. The apparatus is shown in Fig. 1. The preparation was supported vertically in the inner 
chamber with the postganglionic trunk uppermost. Platinum electrodes (not shown in the dia- 
gram) were used for stimulating the preganglionic trunk at the beginning of most experiments to 
check ganglionic transmission and the degree of damage by dissection. The recording electrodes 
were silver/silver chloride/agar saline with balsa wood wicks connecting with the preparation. The 
uppermost electrode was on the cut end of the postganglionic nerve; in later experiments it 
actually formed the point of attachment for the nerve. A second non-polarizable electrode (not 
shown) was placed on the ganglion, and these two electrodes were used when recording the post- 
ganglionic response to preganglionic stimulation. A third electrode was placed below the level of 


| 


ACETYLCHOLINE ON GANGLIA 243 


the preparation. The fluid was raised and lowered by a hypodermic syringe which was actuated by 
a screw. The syringe plunger operated a potentiometer slider so that movement was linearly 
transduced to potential difference. This potential was applied to the ‘X’ plates of a double-beam 
oscilloscope; vertical movement of the fluid in the bath was thus represented by a proportional 
horizontal deflexion of the spot (cf. Burns & Paton, 1951). When this ‘space base’ was used, the 
electrode on the postganglionic trunk and the lowermost electrode below the level of the prepara- 
tion were connected via cathode followers and a direct coupled amplifier to the ‘Y’ plates of the 
oscilloscope. This recorded the potential between the end of the postganglionic trunk and the 
preparation at the air/liquid interface. Thus on screwing the syringe up or down a trace was 
obtained of potential distribution (ordinates) against distance along the preparation (abscissae). 
The record required about 10 sec to complete and amplifier drift during this time was insignificant. 
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Fig. 1. Apparatus for studying the effects of drugs on the polarization of the superior cervical 
ganglion in vitro, A third non-polarizable electrode was placed on the ganglion and a pair of 
platinum stimulating electrodes on the preganglionic trunk when testing for ganglionic 
transmission. 


The preparation was kept at a constant temperature (30° C unless otherwise stated) by circulating 
water from a thermostat through the outer jacket. The bathing fluid was Locke’s solution gassed 
with 95% O, and 5% CO,. When the environment was kept constant successive records from the 
same ganglion showed little variation. The record with the fluid being raised was slightly different 
from that with the fluid being lowered; records were therefore restricted to the period of raising 
the fluid. The ‘space base’ was not calibrated in mm, but the position of the ganglion was signalled 
on the other beam of the oscilloscope with a hand key. 

Drugs. The drugs were added to the bath with the fluid lowered and the contact time taken from 
the first time the fluid was raised over the ganglion. Acetylcholine chloride, bromide and iodide 
have been used in the experiments; all concentrations are expressed as molar in the text. Neo- 
stigmine methyl sulphate (Prostigmine, Roche) was the anticholinesterase used. The tubocurarine 
used was the injection solution of Burroughs Wellcome (Tubarine). A control experiment showed 
that the benzyl alcohol contained in the solution was without action on the preparation, and did 
not modify the effects of acetylcholine. 143 
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RESULTS 
Rat’s ganglia 
A record obtained with a moving electrode from the rat’s superior cervical 
ganglion in Locke’s solution and neostigmine at 30°C is shown in Fig. 2 
(middle record). The fixed electrode on the postganglionic trunk was the 
reference point for both potential and distance, and so is represented by the 
origin of the graph: Thus reading from left to right is equivalent to the 
electrode passing down the preparation. 

There was great variability in the records obtained from different ganglia, 
and this has been attributed to differences in the orientation of tlie ganglionic 
neurones, together with varying degrees of damage during dissection. One 
inevitable source of an injury potential was from the cut ends of the post- 
ganglionic axons. This meant that the fixed reference electrode was always 
leading from damaged nerve so that the intact postganglionic nerve was posi- 
tive with respect to it (see Fig. 2). The injury potential so recorded was some- 
times several mV at the start of an experiment, but it rapidly declined to 
a constant level usually less than 1 mV. Injury potentials were also set up 
where the other postganglionic nerves were cut flush with the ganglion. These 
points would be negative since the reference electrode was effectively leading 
from the intact cell bodies. No importance has been attached to the shape of 


the control record since deviation from a horizontal straight line was largely 


if not entirely due to injury potentials. The point of interest has been the 
difference between the control record and that taken after the addition of 
drugs to the surrounding fluid, or their removal. 

Effects of acetylcholine. The addition of ACh in concentrations up to 10-4 m 
produced no change in the record in the absence of an anticholinesterase. This 
‘was true also for ganglia after chronic preganglionic section, which reduces 
their cholinesterase. In all experiments where ACh was used, therefore, the 
preparation was treated with neostigmine methylsulphate. 

Neostigmine itself caused the ganglion to become negative with respect to 
the postganglionic trunk, i.e. it depolarized the ganglion cells. This effect can- 
not be attributed to a leak of ACh from the ganglion since it occurred after 
chronic preganglionic section. The depolarization depended on the concentra- 
tion of neostigmine, and with the concentration used to test the actions of 
ACh, namely 3 x 10-* m, the effect was small. 

The addition of 10-5 ACh to a neostigminized ganglion caused a rapid altera- 
tion in the space base record. This is shown in Fig. 2. The ganglion became 
3-5 mV negative to its previous level. The time course of the onset of depolari- 
zation in a similar experiment is shown in Fig. 3. In 60 sec the depolarization 
reached a maximum, and 75% of it was reached in 30 sec. When the ACh was 
kept in contact with the preparation the depolarization slowly fell, and after 
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10 min was about 70% of the maximum level. 10-*m ACh produced a depolariza- 
tion about twice as great as that set up by 10-5 m. The higher concentration 
was only used when the response to 10-° m was too small to measure. Since the 
ganglion was not perfused the time of depolarization was kept short, and the 
amplitude small. In most experiments the ACh was allowed in contact with 
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Fig. 2. Records obtained from a rat’s superior cervical ganglion with a sweeping electrode. 
Ordinates, potential in mV of sweeping electrode (negativity upwards). Abscissae, distance 
from end of postganglionic trunk (not calibrated). Middle record taken in Locke’s solution 
with 3x 10-* mw neostigmine. Upper record, 60 sec after addition of 10-*m™ ACh. Lower 
record, 60 sec after washing out ACh. Temperature, 30° C. 
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Fig. 3. Graph showing rate of development of depolarization on adding 10~* ACh, and of the after 
positivity on washing. Ordinates, p.d. between a fixed point on the ganglion and the end of 
the postganglionic trunk (ganglion negativity upwards). Abscissae, time in sec. Temperature, 
30° C, The graph was constructed from a series of space base records taken at 10 sec intervals. 


the preparation for 30 or 60 sec; a record was then taken and the fluid changed 
twice to wash out the drug. Even with this short time of contact the response 
to a second dose of the drug 1 hr later was sometimes reduced by 30%. It was 
seldom possible to add ACh more than six times at 45 min intervals to the 
preparation before it deteriorated, as judged from the greatly reduced response. 

The effect of ACh appeared to be restricted to the ganglion, but in some 
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instances the positive dip recorded as the electrode passed from injured to 
uninjured nerve was lessened. The most likely reason for this is the electrotonic 
spread of depolarization from the ganglion cells along the axons. Another 
possibility is that ACh reduced the injury potential. To test this a length of the 
rabbit’s ascending mesenteric nerve, known to be composed almost entirely of 
postganglionic C fibres (Brown & Pascoe, 1952), was mounted in the electrode 
assembly. In addition to the cut ends a third injury was produced midway 
along the nerve by crushing with forceps. The preparation was soaked for 1 hr 
in Locke’s solution with neostigmine, after which time the injury potentials had 
reached a steady level. The addition of 10-*m ACh was without effect on 
these potentials, although it produced several small localized depolarizations 
along the nerve which were presumably due to scattered ganglion cells. It was 
considered unlikely therefore that ACh was producing an effect on the injury 
potential in the rat preparation. Some of the records taken after the addition 
of ACh showed that the ganglion was negative to the preganglionic trunk (see 
Fig. 2). This was much more pronounced in some rabbits’ ganglia, and experi- 
ments to elucidate the origin of this potential are reported in a later section of 
this paper. 

The actual values of the depolarization have little meaning since with 
external electrodes only a fraction of the potential drop across the cell mem- 
brane can be recorded. One can, however, obtain an estimate of the degree of 
depolarization by expressing the values obtained as a ratio of the maximal 
spike potential with the electrodes similarly placed. Ideally the spike poten- 
tial recorded between the ganglion and the postganglionic trunk should be 
initiated by antidromic stimulation, since in this way the potential is greater 
than that elicited by preganglionic stimulation. This is because with anti- 
dromic stimulation there is less temporal dispersion. Antidromic stimulation 
was not possible in these experiments because of the method of recording so 
preganglionic stimulation was used. In five experiments the size of the 
depolarization produced with 10->m ACh, expressed as percentage of the 
height of the maximal transmitted action potential, was 79, 61, 60, 50 and 25, 
giving a mean of 55. Another way of determining the percentage depolariza- 
tion of the ganglion cells would be to express the depolarization as a ratio of 
the maximum obtainable. This is difficult to do and would entail constructing 
a dose-response curve or at least the upper end of it. Using large depolariza- 
tions the preparation would rapidly deteriorate so that the maximum depolari- 
zation would have little significance. Chronic denervation did not lead to an 
obvious sensitization to ACh, and the time to peak depolarization was unaltered. 

Removal of acetylcholine. When the ACh solution was replaced with neo- 
stigminized Locke’s solution and records taken at frequent intervals, the 
depolarization declined rapidly, overshooting the resting level so that the 
ganglion became positive to the postganglionic trunk (Fig. 2). The time course 
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of this positive overswing is plotted in Fig. 3. The onset was rapid, and after 
10 m ACh the maximum was reached in 50 sec, but after 10-4 m the time to 
peak was approximately doubled. A delay in the time to peak of the after 
positivity was also found after chronic preganglionic section. Successive 
additions and removals of ACh revealed a variability in the amplitude of the 
positive overswing which was not correlated with the variations in tlie size of 
depolarization referred to previously. The effect of temperature on the positive 
overswing is described later. 


Rabbit’s ganglia 

The rabbit's superior cervical ganglion is less suitable for studying the effects 
of drugs in vitro than the rat’s since diffusion takes longer. ACh produced the 
same effects as on the rat’s ganglion but depolarization took twice as long to 
reach its peak, i.e. about 2 min. In most preparations 10-* m ACh was required 
to produce a measurable response; 10-5 m, which was active on the rat’s 
ganglion, was usually without effect. This is probably because of the lower 
interelectrode impedance as the postganglionic nerve is considerably thicker 
in the rabbit preparation. This is also the reason for the known fact that 
the potentials recorded from the postganglionic nerve after preganglionic 
stimulation are about twice as large in the rat as in the rabbit. The rabbit’s 
ganglion deteriorates faster in vitro than the rat’s, particularly when kept at 
38° C. For these reasons the rabbit preparation has been used only to confirm 
some of the findings made with the rat’s ganglion. 

In some preparations the ganglion after ACh became negative not only to 
the postganglionic but also to the preganglionic trunk. Although this has 
sometimes also been observed in rat’s ganglia, the effect was never so pro- 
nounced as in some rabbit ganglion preparations. It was thought at first that 
the ACh was acting on the preganglionic trunk where its sheath had been 
stripped whilst removing the ganglionic capsule. This proved not to be the 
explanation, as can be seen from the records shown in Fig. 4. The capsule had 
been removed from the ganglion and a few mm of the sheath from the pre- 
ganglionic nerve. The dotted line is the record obtained with the preparation 
in neostigminized Locke’s solution. ACh was now added to the bath to give 
a concentration of 10-4 M, and the solution carefully raised so that the final 
level was about halfway up the desheathed part of the preganglionic nerve. 
Thus the ACh solution was not in contact with the ganglion. The solution was 
kept at this level for 2 min, then it was lowered and only for taking the record, 
the fluid was swept right over the ganglion up to the level of the fixed electrode 
on the end of the postganglionic nerve (Fig. 4, interrupted line). The fluid was 
then left covering the whole preparation for 2 min, then lowered and another 
record taken as it was raised (Fig. 4, full line). It is obvious from this experi- 
ment that unless the ACh is left in contact with the ganglion the latter does 
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not become negative relative to the preganglionic nerve, so that this effect 
cannot be caused by the ACh acting on the exposed part of the preganglionic 
nerve. An alternative explanation had therefore to be found for this pheno- 
menon. The superior cervical ganglion is frequently depicted diagrammatically 
as in Fig. 5 (a). If this is a true representation of the arrangement of the pre- 
and postganglionic elements of the ganglion then with the technique used in 
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Fig. 4. Records from rabbit’s superior cervical ganglion, co-ordinates as in Fig. 2. Dotted record, 
preparation in Locke’s solution with 3 x 10~* m neostigmine. Broken line, 2 min after soaking 
preganglionic trunk up to level of arrow in 10-* m ACh. Full line, 2 min after soaking whole 
preparation in 10~*m ACh. A short length of sheath was removed from the preganglionic 
trunk in the region of the arrow. Note that the negativity of the ganglion to the preganglionic 
trunk does not occur if the preganglionic nerve only is soaked in ACh. 


(a) (b) (c) 


Fig. 5. Hypothetical arrangements of neurones in the rabbit’s superior cervical ganglion. 
Discussion in text. 


the present work, negativity of the ganglion relative to the preganglionic 
trunk would be due to depolarization of the preganglionic terminals. This 
proved not to be the correct explanation since the effect was still seen after 
chronic preganglionic denervation (Fig. 6). 

The arrangement shown in Fig. 5(b) would provide an explanation of the 
experimental findings, but there is plenty of histological evidence to render it 
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unlikely. Butson (1950), using Bodian’s technique, showed histologically that 
there are no descending fibres in the cervical sympathetic nerve of the rabbit 
with their cells of origin lying in the superior cervical ganglion. Confirmation 
of the histological results was obtained electrophysiologically as follows. The 
ganglion with its preganglionic trunk was removed from the animal and the 
capsule slit with fine scissors in the usual manner, but the slit was prolonged 
for as far as possible along the preganglionic nerve. On removing the sheath 
from the preganglionic nerve it was usually found that the trunk was formed 
of one main strand with several branches, some of the branches re-entering the 
main strand to form ‘jug handles’. One of the branches was cut and the 
ganglionic end laid on recording electrodes while the main trunk was stimu- 
lated. It was shown that there was a nervous pathway from the stimulating 
to the recording electrodes since a small action potential was recorded. This 
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Fig. 6. Records from rabbit’s superior cervical ganglion 20 days after preganglionic section, 
co-ordinates as in Fig. 2. Lower record, control in Locke’s solution with 3 x 10-* m neostig- 
mine. Upper record, 2 min after soaking in 10-‘m ACh. Note that the negativity of the 
ganglion relative to the preganglionic trunk occurs even after degeneration of the pre- 
ganglionic fibres. 


pathway was non-synaptic, however, since painting the whole preparation with 
nicotine acid tartrate 10-4 did not block it. The nerve pathway involved is thus 
via looping or branching fibres, as has been suggested for the cat’s cervical 
sympathetic nerve by Dixon & Ransom (1912). There can be no doubt, there- 
fore, that the cervical sympathetic nerve of the rabbit is free of descending 
fibres with their cells in the superior cervical ganglion. Butson has reported, 
however, that there are ganglion cells distributed throughout the cervical 
sympathetic nerve and that these cells send the majority of their axons 
caudally. These cells cannot account for the negativity of the ganglion relative 
to the preganglionic trunk, since the potential gradient as the fluid electrode 
passed from the ganglion pole to the preganglionic nerve was very steep, the 
full potential of 2-3 mV being recorded less than 5 mm from the pole. 

It was decided by elimination that the negativity of the ganglion relative to 
the preganglionic trunk is due to the orientation of the neurones in the ganglion. 
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In all the experiments the postganglionic nerve used was the internal carotid 
nerve. An equally large nerve, the external carotid nerve, leaves the ganglion 
near the preganglionic pole (Fig. 5c). It is suggested that the negativity of the 
ganglion relative to the preganglionic nerve which develops on the addition of 
ACh is an indication of the depolarization of the cells of the external carotid 
nerve, the preganglionic nerve acting as a lead from their axons. Support for 
this interpretation is found in the rat’s ganglion, where the phenomenon is 
much smaller and the external carotid nerve leaves the ganglion relatively 
nearer the headward pole of the ganglion. 


Maximum depolarization 
(arbitrary units) 
Maximum positive overswing 
(arbitrary units) 


0 10 20 30 10 20 30 

Fig. 7. (a) Graph showing the effect of temperature on the depolarization of the rat’s superior 
cervical ganglion with 10-' m ACh, (6) The effect of temperature on the positive overswing 
from same experiments as (a). The results of three experiments at five different temperatures, 
adjusted proportionately to allow for the differing sensitivities of the three preparations. 


The positive overswing which was so noticeable a feature on washing out 
ACh from the rat preparation was small in the rabbit. This is perhaps related 
to the slower decline of the depolarization in the rabbit’s ganglion through the 
slower diffusion, the positive overswing of the cells at the periphery being 
masked by the persisting depolarization of the cells in the centre. 

The rabbit ganglion therefore shows similar properties to the rat ganglion, 
but is a less satisfactory preparation. | 


The effect of temperature 

Brown (1954) has shown the effect of temperature on the release of ACh from 
ganglia. The present technique offered a means of assessing its effect on the 
depolarizing action of ACh. In three experiments the responses to a fixed 
concentration of ACh were measured at five temperatures between 2 and 
38° C: the results are plotted in Fig. 7a. The scatter of the results was large, 
but it would appear safe to conclude that between 12 and 38° C temperature 
changes are without effect on the depolarizing action of ACh. There may be 
a falling off in the response at 2° C but if so it is slight. A further experiment 
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was made using only two temperatures, 18 and 38° C. With the restricted 
number of temperatures it was possible to determine the effect of ACh three 
times at each temperature, so considerably reducing the significance of random 
variation. The mean amplitudes of depolarization produced at 18 and 38° C 
were 1-75 and 1-70 mV respectively. This confirms the conclusion drawn from 
the results plotted in Fig. 7a. In the same experiments the effect of tempera- 
ture on the positive overswing was studied and the results are plotted in 
Fig. 76. There was a peak response at 30° C falling off sharply above and below, 
and at 2-3° C the positive overswing was almost absent. The effect at 38° C 
was about equal to that at 18° C and this is supported by the results of a further 
experiment in which the means of three responses at 38 and 18° C were 0-75 
and 0-70 respectively. 


Factors influencing the positive overswing 

The positive overswing was not peculiar to the removal of ACh since it was 
seen after depolarizations produced by tetramethylammonium and by nicotine. 
The responses to the addition and removal of 10-°m ACh, tetramethyl- 
ammonium and nicotine have been studied on the same preparation. There was 
a great difference in the rate of appearance of the positive overswing with 
these three drugs. The peak positivity after tetramethylammonium was reached 
in about twice the time taken after ACh. With nicotine the depolarization 
declined very slowly and the peak positivity was reached about 10 min after 
washing, i.e. approximately ten times as long as after ACh. This cannot be 
related to differences in rate of diffusion of the drugs out of the preparation 
because all three diffuse into it equally rapidly as judged from the time taken 
for them to depolarize. The presence of neostigmine has been shown to be not 
essential for the production of a positive overswing as both tetramethyl- 
ammonium and nicotine will give rise to one in its absence. The same could not 
be shown for ACh for obvious reasons. 

Tubocurarine. In a concentration of 10 to 5x 10-* m, tubocurarine has 
little depressant effect on the depolarization produced by 10-°m ACh, but 
greatly reduces or abolishes the positive overswing. This is shown in Fig. 8, 
where it can be seen that tubocurarine also reduces the rate of decay of 
depolarization. These effects of tubocurarine are reversible by washing. 

Hexamethonium. Paton & Perry (1953) have shown that hexamethonium 
resembles tubocurarine since both compounds block ganglia without depolariza- 
tion. Hexamethonium, however, did not selectively antagonize the positive 
overswing, e.g. in one experiment 1:2 x 10-° m hexamethonium reduced by 
31% the depolarizations produced by 5 x 10-° m ACh, but the positive over- 
swings were only reduced by 11%. In another experiment hexamethonium 
abolished the depolarizing action of ACh but had no significant effect on the 
amplitude of the positive overswing. Hexamethonium increased the rate of 
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decay of the depolarization after washing out the ACh and reduced the time 
to peak of the positive overswing, effects similar to those obtained by reducing 
the concentration of ACh. Thus hexamethonium acts as a competitive antago- 
nist to ACh. There is therefore a clear difference in the mode of action of the 
hexamethonium and tubocurarine on ganglia. 


(2) 
— 


Fig. 8. Graphs showing the depolarizations and positive overswings from six additions of 10-' m ACh. 
Ordinates, mV; abscissae, time after addition of ACh in sec. 30 sec contact time was allowed 
in each case, after which (W) a record was taken and the Locke’s solution changed. (a) and 
(6) controls; (c) and (d) after soaking in 5 x 10~° m tubocurarine; (e) and (f) further controls 
after washing out the tubocurarine. Note that tubocurarine slowed the rate of decay of the 
depolarization and abolished the after positivity. 


DISCUSSION 
The results show that ACh, tetramethylammonium and nicotine depolarize the 
superior cervical ganglia of rats and rabbits in vitro. The depolarization is 
restricted to the ganglion cells and does not involve the preganglionic ter- 
minals. This confirms the work of Paton & Perry (1953) on the cat’s superior 
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cervical ganglion in vivo. The relative sizes of the depolarizations are smaller 
than those reported by Paton & Perry since in most of their experiments the 
depolarizations were greater than a maximum transmitted spike. In the 
present work the depolarization/spike potential ratio was approximately 0-5. 
Allowing for the fact that the maximum transmitted spike is less than a maxi- 
mum synchronous postganglionic action potential because of temporal disper- 
sion, the depolarizations recorded were probably a quarter to a third of the 
mean resting potential. Using the technique for intracellular recording from 
the rat’s superior cervical ganglion (Pascoe, 1955a), it has been shown that 
a maximal preganglionic volley may set up synaptic potentials of about the 
same relative size. The amplitudes of the depolarizations studied were there- 
fore in the physiological range. It is probable that with these levels of depolar- 
ization postganglionic action potentials were initiated, but the amplification — 
used was too small to observe this directly. Chronic denervation of the ganglion 
did not lead to an obvious increase in the sensitivity of the preparation as 
judged by the size of the depolarization to a given concentration of ACh. 
Sensitization probably does occur, however, since the rate of decay of 
depolarization on washing out the ACh is reduced, an effect which can be 
produced in normal ganglia by raising the concentration of ACh. 

The size of depolarization produced by ACh has been shown to be little 
affected by temperature in the range 2-38° C. If the function of ACh is to 
lower the resistance of the membrane by a non-specific increase in ionic per- 
meability, as has been suggested by Fatt & Katz (1951) for the myoneural 
junction, then the size of the depolarization will depend on the resting poten- 
tial. Lundberg (1948) showed that the resting potential of mammalian C fibres 
is greatest at 25° C. This was with external recording so the magnitude of the 
change is not known, but it is a complication which has to be considered when 
assessing the present results. On washing out ACh, tetramethylammonium or 
nicotine the depolarization is replaced by a positive overswing. With external 
recording one cannot with certainty state the cause of this potential difference. 
It could be related to the large positive after-potential seen after a transmitted 
action potential. A likely explanation is that it is in fact the summed 
positive after-potentials of those cells which have been caused to discharge by 
the preceding depolarization. Another possibility is suggested by the work of 
Burns & Paton (1951) on the mammalian motor end-plate. They showed that 
decamethonium depolarized the end-plate and this depolarization slowly 
spread to the surrounding muscle fibre. Tubocurarine antagonized the depo- 
larizing action of decamethonium, and it was shown that the motor end-plate 
was repolarized before the rest of the muscle so that the end-plate was now 
positive to this. It may be that in the present work the depolarization of the 
ganglion cell membrane spreads to the postganglionic axon, and on washing 
the cell membrane became repolarized before the axon. There is as yet no 
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evidence to decide between these two possibilities. The graph relating the 
amplitude of the overswing to the temperature is complex, suggesting that the 
overswing is not due to a single process. It was hoped that intracellular 
recording from the ganglion might throw light on the problem, but the 
rapidity with which the resting potential of a penetrated cell decays (Pascoe, 
19552) has so far prevented this. If the overswing is a positive after-potential 
then it is probably the sign of a recovery process whereby the ionic differences 
across the cell membrane are restored. 

The finding that tubocurarine has a selective depressant action on the over- 
swing provides no immediate assistance to an understanding of the cause of 
the overswing itself. Tubocurarine and hexamethonium have both been classed 
as competitive antagonists of ACh on sympathetic ganglia (Paton & Perry, 
1953), but the evidence presented here shows a difference in their mode of 
action. Both reduce the size of depolarization produced by ACh, but the main 
effect of tubocurarine is to reduce or abolish the positive overswing, at the 
same time slowing the rate of decay of depolarization on washing, whereas 
hexamethonium accelerates the appearance of the positive overswing without 
selectively reducing its size. The effects of hexamethonium can be reproduced 
by lowering the concentration of ACh; hexamethonium behaves therefore as 
a competitive antagonist of ACh. It may be that in the uncurarized ganglion 
the rapid rate of decay of depolarization is largely due to the rapid onset of the 
positive overswing. Removal of the positive overswing would then cause an 
apparent slower decline of depolarization. If the overswing is the summed 
positive after-potentials of those cells which have been firing during the 
depolarization then it could be abolished by any factor which prevented firing. 
If the effect of curarine is to stabilize the cell membrane then it would both 
reduce the depolarization produced by ACh and also raise the threshold for 
firing, in this way depressing the positive overswing. Such an action would 
explain the increase in ganglionic delay caused by curarine (Laporte & Lorente 
de No, 1950). The suggestion is speculative since the curarines have been 
shown not to possess such an action on the motor end-plate. The results 
presented here show that all the actions of tubocurarine cannot be explained 
by a competitive antagonism of ACh. 

High concentrations of curarines abolish transmission through ganglia. 
preganglionic stimulation now producing a positivity of the ganglion preceded 
by little or no negativity (Laporte & Lorente de N6é, 1950; Eccles, 1952a, b). 
Miss Eccles postulated that high concentrations of the curarines reverse the 
action of ACh liberated by the preganglionic terminals so that it now hyper- 
polarizes the ganglion cells. No such action of curarine has been observed 
using externally applied ACh. 
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SUMMARY 


1. A method is described for investigating the effects of drugs on the 
polarization of the superior cervical ganglia of rats and rabbitg in vitro. 

2, Acetylcholine, tetramethylammonium and nicotine depolarized the 
ganglion, and the depolarization was confined to the ganglion cells. 

3. After removal of ACh, tetramethylammonium and nicotine by washing 
a positive overswing occurred so that the ganglion became temporarily positive 
to the postganglionic trunk. 

4. The depolarization produced by ACh is unaffected by temperature in the 
range 2-38° C. The postive overswing is maximal at 30° C. 

5. Tubocurarine selectively reduced the magnitude of the positive over- 
swing but hexamethonium did not. 


6. The difference in the action of these two ganglionic blocking substances 
is discussed. 
This work was aided by a grant from the Medical Research Council. 
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OBSERVATIONS ON_THE DIRECT EFFECT OF LIGHT ON 
THE IRIDES OF RANA TEMPORARIA AND 
XENOPUS LAEVIS 


By R. A. WEALE 


From the Medical Research Council Group for Research in the Physiology 
of Vision, Institute of Ophthalmology, Judd Street, London, W.C. 1 


(Recewed 18 January 1956) 


In an investigation of visual pigments by the method of in vivo bleaching 
(Weale, 1955) during the winter of 1954-5, a pupillary contraction was some- 
times observed when the frog’s eye was strongly illuminated—even though 
the frog was pithed and decerebrated. Neither atropine nor the excision of 
the eye-ball abolished the reaction. The isolation of the iris itself, followed by 
vigorous irrigation with 0-9% atropine, also failed to suppress the pupillary 
contraction. 

Although this phenomenon has been known for over 100 years and is 
mentioned in current text-books, it is relatively little known. According to 
Steinach (1892), Arnold first mentioned it in 1841, but the first systematic 
investigation is due to Brown-Séquard (1847a), who probably did not know 
of Arnold. Brown-Séquard investigated the effect of temperature changes and 
of light on vertebrate irides, and concluded that only the irides of batrachians 
and fish showed autonomous excitability ; frog and eel irides being outstanding. 
He demonstrated this by screening the iris and the pupil in turn (1847a, 6): 
a contraction occurred even when only one-third of the iris was illuminated. 
When the eye was enucleated, illumination of the pupil [i.e. retina] only was 
without effect, but illumination of the iris led to contraction (1859). Brown- 
Séquard also showed that strychnine, opium and atropine, in fatal concentra- 
tions, failed to destroy the iridal contractibility. Using coloured glasses as 
filters, he showed that long wavelength light elicited a greater response than 
did light of short wavelengths. According to Magitot (1921), Brown-Séquard 
observed an iridal contraction in the eye of a frog, dead 16 days and in full 
putrefraction. 

Steinach (1892) refined Brown-Séquard’s approach. He showed that in the 
intact animal there is only a slight pupillary contraction when the pupil, but 
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not the iris, is illuminated. When the eye was excised, similar illumination 
produced no effect. He also noted that illumination of the internal edge of the 
iris is essential for autonomous iridal contraction to occur, and that the rate of 
contraction was unaffected by excision of the eye. In another series of experi- 
ments he fixed and hardened excised frog bulbi in absolute alcohol, and dyed 
them in cochineal. He then excised the iris, mounted or embedded it (generally 
with the cornea) in paraffin and made sections in order to examine the 
sphincter fibres. He brushed away the melanin from other iris preparations 
and then exposed the sphincter; In its fibrils, and only in its fibrils, he 
observed yellow-brown granules. He thought these mediated the direct iridal 
excitation. In support of this view, he found that the iridal response to a solar 
diffraction spectrum was maximal in the blue-violet part. of the spectrum. 
He concluded from the observed excitability of the separated iris, from Brown- 
Séquard’s experiments with atropine which he confirmed, and from the corre- 
lation between the spectral response of the excised iris and the colour of the 
iridal granules, that the contraction is autonomous. 

Magnus (1899) disputed this conclusion. Working on the eye of the eel he 
found that the maximum iridal response occurred on exposure to the green 
part of the spectrum, and identified the spectral response function with 
Kiihne’s visual purple. He was, however, forced to deny a causal connexion 
between the two when, on scrupulously removing every vestige of the retina, 
and on satisfying himself that no visual purple was present, the spectral 
response remained unaltered. He concluded that a response, maximal in the 
green, was incompatible with the yellow of the granules as reproduced in 
Steinach’s plates; not considering that the eel and the frog irides may have 
different properties. Magnus also repeated the earlier pharmacological tests, 
and observed that the mydriatic effect due to atropine is not absent but very 
slow. He concluded that the evidence for the autonomous nature of the 
pupillary contraction is inadequate, and preferred to ascribe it to some kind 
of reflex. 

However, Guth (1901) stated that the slow effect due to atropine was a 
manifestation not of the usual inhibition, but of actual damage to the iridal 
fibres. A similar effect of atropine could be observed in the frog’s gut. 
According to Guth, responses to electric stimulation occur after the cessation 
of responses to photic stimuli only in rare cases, whether the iris is atropinized 
or not. He preserved frog bulbi in saline at a temperature of 9-12° C, and 
found the irides to react 11, and in one instance 14, days after enucleation. 
After reference to a finding of Steinach’s on a living frog, namely that a spina! 
ganglion, cut off from its blood supply, survives only for 7 days, Guth con- 
cluded that the iridal contraction must be autonomous. It should be added, 
however, that both Steinach and Guth emphasized the absence of the yellow 
granules from the ciliary muscle fibres. 
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More recently, Young (1933) has stated that the iridal contraction in certain 
selachians is autonomous, but that the dilatator receives motor fibres from 
the oculomotor nerve. The earlier writers paid little attention to the question 
of whether autonomous contraction was accompanied by autonomous dilata- 
tion; though, since dilatation can be mediated by mere elasticity, it is not 
necessarily of any relevance (but cf. von Studnitz, 1932). 

In spite of the earlier authors’ careful investigations, which leave one with 
little doubt as to whether the pupillary contraction is autonomous or not, 
a number of relevant points is still outstanding. No allowance has previously 
been made for the spectral variation of the stimulus intensities or for any 
possible modifications of the intensity on reaching the iris. Apart from 
Magnus’s abortive attempt at identifying the spectral response with a visual 
pigment action spectrum, there had been no effort to correlate the occurrence 
of the contraction with other visual effects. Nor have any of the above- 
mentioned authors assessed the significance of the contraction for the animal’s 
vision. The following observations are intended to fill these gaps, at least in 
part. 


METHODS 


Material. The experiments were done on adult male and female frogs (Rana temporaria) and 
adult female South African toads (Xenopus laevis). The animals were fed on liver once a week for 
at least 1 month, and were dark-adapted overnight before the experiment. 

Apparatus. A measuring ophthalmoscope was used. Light from a 12 V 36 W car lamp, V (the 
voltage across which was controlled with a rheostat and voltmeter) passed through Ilford Spectrum 
or Bright Spectrum filters F (see Fig. 1 and Table 1) and through neutral density filters N of 
various densities, and was rendered parallel by lens L.1. The light was turned through 90° by 
a photometer cube and focused by lens J 2 in the plane of the animal’s pupil P, where an image 
of the lamp filament was formed. Lenses L 2 and L3 formed an image of the pupil at Z, where the 
variation in pupil size could be observed on a graticule in an eyepiece. The observer's head was 
immobilized by a mouthpiece carrying his dental impression. 

Procedure. All the manual work was done in orange-red light. The animals were decerebrated 
and pithed. In most cases the bulbi were excised, mounted on ‘Plasticene’ and placed in the 
focal plane of the lens L2. In other instances, the whole animal was immersed in water contained 
in a tin with a vertical plane glass window. By suitable manipulation, the animal’s (left) eye 
could be made to lie close to, and facing, the window. This not only facilitated observation of the 
iris without the interference of corneal reflexions but also allowed temperature control. 

Sensitivity measurements. The frog’s pupil and the graticule were illuminated during the 
measurements with red light which was found to be without effect on the pupil size. Although 
there were, on occasions, some difficulties due to chromatic aberration, these were not serious since 
the primary object was to measure not the pupil size, but that light intensity which when reduced, 
caused no further dilatation of the pupil. Since, in the frog, the pupil effect is reversible, this 
intensity provides a measure of the threshold. 

The spectral range between 420 and 600 mp was covered as follows. A measurement was first 
made with a spectral filter. Then the intensity of the light was reduced with neutral density 
filters in steps of approximately 0-5 log unit until a point was reached at which the pupil (minor 
axis) no longer dilated. Thereupon the spectral filter was exchanged for another and the procedure 
repeated. Alternate filters were used as the spectrum was scaled up and down so as to obtain 
some check on the stability of the preparation. 
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the original spectral filter provided another check. In all cases, the irides were left exposed to the 
stimulus for half a minute before a reading was made. 

Measurements with white light and sunlight. Since the chromatic lights were too weak to enable 
one to measure the intensity range over which the pupil contraction took place, three eyes (from 
two frogs) were examined in the white light provided by the source which illuminated the spectral 
filters in the other experiments. An excised eye was also exposed to sunlight. Twenty Xenopus 
irides were examined in white light only. 


P ws 

v FN L1 


Fig. 1. Experimental arrangement for measuring the pupil size. For description see text. 


|. Filter data 


Ilford filter no. .. 600 621 602 623 604 625 626 607 
Wavelength maximally trans- 420 454 470 498 520 540 572 #600 


Reflectivity measurements. The reflexion coefficients of the dorsal parts of two frog irides were 
measured between 420 and 620 my, a MgO surface being used as a standard. These measurements 
were done as for the cat’s tapetum (Weale, 1953), the measuring ophthalmoscope having been 
reconverted into a spectral reflectometer. | 

Calibration. The neutral density filters and the spectral emission of the light source were 
calibrated in the usual manner (cf. Weale, 1951). In the calculation of the equal energy values, 
a correction was applied for the spectral variation of the photocell sensitivity over the range of 
each filter. The wavelengths shown in Fig. 3 refer to the transmission maxima of the filters. For 
white light, the neutral density filters were calibrated by means of a Holophane photometer. 

Localization of the effect. The local nature of the contraction (cf. Guth, 1901) was shown with an 
arrangement in which the sharply focused image of an inclined filament was moved into position 4, 
when the illuminated portion of the iris moved towards the pupil centre (Fig. 2). The image was 
then moved into position B; the portion previously illuminated moved outward and the portion 
now illuminated inward. This could be repeated indefinitely. The response of the dorsal half 
seemed to be greater than that of the ventral. 

The colour of the frog iris. The iridescent granules of the iris have a rich golden or orange colour 
in white light, and are strewn over the black pigment of the iris like gold dust, particularly on the 
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dorsal side. They girdle the pupil narrowly in great concentration. However, when an iris was 
excised and & probe was pressed on it in a very yellow region, instantaneous decoloration occurred. 
This fact provides prima facie evidence against the view that the colour of the iridocytes was due 
mainly to a pigment. When another excised iris was irrigated with glycerine or with 70% sucrose 
solution (particularly the latter) it became discoloured. Irrigation with saline, however, reversed 
the effect (a similar effect was observed with the cat’s tapetum, Weale, 1953). This procedure, 
applied to the same iris several times, always yielded the same result. Attempts to extract a 
pigment from excised irides by means of a number of stromalytic agents were unsuccessful. 
The sphincter pupi'lae. The anterior parts of Rana and Xenopus eyes were placed on microscope 
slides and the corneae removed by scalpel cuts along the limbus. Then the irides were spread out 
with their anterior faces downward and were moistened with saline. The black pigment layer was 
carefully brushed away with a soft paint brush (Steinach, 1892) and the sphincter pupillae 
exposed. Magnification of 400 showed it to consist of spindle fibres, well-marked in the frog, but 
not at all clear in Xenopus. The whole of the muscle appeared much better differentiated in the 
former than in the latter animal. Even after repeated saline washes, the whole of the preparations 
remained suffused with iridescent globules spread over the field of view like a flood of gold dust. 


Fig. 2. To demonstrate the localized nature of the pupil response. For explanation see text. 


7 Their diameter was estimated by comparison with human blood corpuscles at less than 1 ». They 


were present not only near the sphincter fibres but also near other structures. There was no 
evidence of any other coloured substance, either in the muscle spindles or anywhere else. It was 
impossible to decide whether or not any of these globules were contained in the spindles proper. 
In this respect the present findings are at variance with Steinach’s observations, which must be 
considered to have been partly vitiated by chromatic and other optical aberrations. 

Migration of the ‘pigment’ granules of the retinal epithelium. The dark-adapted eyes of a frog 
were excised, One was immersed in Kolmer’s fixative for cold-blooded material without being 
exposed to light, the other after 10 min exposure to an illumination of over 400 mL. The eyes were 
then embedded in wax, and 8 u sections cut and stained with Azan stain. 


RESULTS 


Sensitivity measurements. These are shown in Fig. 3 in which the log 
sensitivity (8) is plotted along the ordinate axis, and the wavelengths of 
transmission maxima of the filters along the abscissa axis. On the right, the 
actual illuminations in the plane of the frog pupil are shown in terms of 
millilamberts (mL). Representative samples of the standard errors of the 
mean are also shown (n=8~-10). The sensitivity, plotted for an equal energy 
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spectrum, is about 60 times as high in the violet as in the red part of the 
spectrum. 

A typical experimental curve from which the points of Fig. 3 have been 
derived is shown in the inset. The diameter of the frog pupil is plotted against 
the logarithm of the light stimulus intensity and the threshold found by 
interpolation. The reciprocal of the antilog of this value gives the relative 
sensitivity. 

Reflectivity measurements. The reflexion coefficients (R) of two frog irides 
are shown in Fig. 4 as a function of A. The mean curve rises from a low value 
in the violet part of the spectrum to a threefold value in the orange. 

The importance of these data lies in the bearing they have on the sensitivity 
measurements. The iridocytes are located between the aqueous and the black 
pigment, overlying the pupillary sphincter. Thus the radiation eliciting the 
autonomous contraction must either be absorbed or transmitted by them. 
Since the dehydration experiments support the view that the selective absorp- 
tion of light by iridocytes is due to interference or diffraction effects, the 
iridocytes are unlikely themselves to mediate the contraction. Thus they act 
simply as chromatic filters, for the reflexion characteristics of which allowance 
has to be made in the interpretation of the spectral sensitivity curve. The light 
transmitted by the iridocytesis proportional to (1 —kR)". The factor k accounts 
for the ratio of black area/yellow area in the region of the reflectivity measure- 
ment, a value difficult to determine photographically. It is put tentatively 
at 2-6. The index n depends on the number of iridocytes overlying one another: 
it is higher than unity in the region of the sphincter but could not be deter- 
mined with confidence. Fig. 3 shows the effect of applying a correction to S 
by a factor (1-2-6R)", where n=1 (curve 6) or n=2 (curve c). Iridocytal 
reflexion reduces the dependence of sensitivity on wavelength: a value of n> 1, 
which must almost certainly be true in the region of the sphincter, reduces 
this dependence still further. This suggests that the substance mediating 
the contraction may well be neutral in colour, e.g. melanin or fuscin. 

Measurements with white light and sunlight. The average of three measure- 
ments showing the variation of the length of the minor axis of the pupil with 
log stimulus intensity (log 7) is shown in Fig. 5, (@). The squares of these 
values, which provide a measure of the quantity of light admitted to the 
retina, are also shown (0). The eye of a dark-adapted frog was exposed to 
sunlight: the lengths of the major and minor axes were compared with their 
values before the exposure. The major axis was reduced in length by 20%, the 
minor by 33%. Thus the area was reduced by 46%, a value compatible wit! 
the results obtained for incandescent light. No systematic effects could be 
observed with the pupil of Xenopus in any experiment. 
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400 500 600 
Army 
Fig. 3. (a) Variation of iris sensitivity with wavelength; (b) same, corrected for filter effect of 
single layer of iridocytes; (c) same, corrected for filter effect of double layer of iridocytes. 
Inset: variation of pupil size (abscissa) with intensity of light, J (ordinate, log scale). 
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Fig. 4, The spectral reflexion coefficients of two frog irides (dorsal parts). 
Fig. 5. The pupillary diameter (@) and the proportion cf incident light admitted to retina (O) 
as functions of the illumination, I. 
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DISCUSSION 

Sensitivity measurements. Steinach’s qualitative description of the spectral 
variation of the effect is fully supported by the data shown in Fig. 3. He 
stated that a response occurred at about 589 my; he had observed contraction 
also at wavelengths as long as 620 my. The contraction became pronounced 
at about 545 mp and rose to a maximum at about 486 my. He then observed 
a plateau up to about 440 my with a marked drop at 400 my. 

Migration of the ‘pigment’ granules of the retinal epithelium. Saxén reports 
(1953) and Tansley confirms (private communication) that there is no 
observable migration of the ‘pigment’ granules of the epithelium in light- 
adapted Xenopus retinae. In Rana temporaria, however, the granules were 
found in the present experiments to migrate even in the excised eye (cf. 
Duke-Elder, 1934). Hence this effect must be at least partly under local 
control. Now the sphincter pupillae is derived embryologically from the 
retinal epithelium (Magitot, 1921) and the presence of the pupil effect and 
the epithelial granule migration in the frog, and their absence in Xenopus, 
suggest an organic connexion between the two phenomena: its nature awaits 
elucidation. 

The visual significance of the autonomous pupillary reaction. A dermatopic 
sensitivity mechanism, of which the pupillary reaction is said to be a relic, 
is not likely to be found in animals higher than the batrachians (Viaud, 1948). 
In lower animals a ‘skin effect’ replaces vision, but in the frog its relic protects 
the retina from light of high intensity. According to Birukow (1949), the 
photopic threshold of Rana temporaria is reached at a luminance of about 
1-6 x 10-* mL; the threshold of the pupil contraction is only about ten times 
as high (cf. Fig. 3). Although there is not necessarily any connexion between 
these two facts, it is possible that the pupillary effect protects the cones—the 
rods (according to some authors) being protected from excessive light by the 
migration of the epithelial pigment granules. The threshold of pupillary con- 
tractions under nervous control also coincides with the photopic threshold 
(Duke-Elder, 1934), but this effect is not well developed in the frog (Brown- 
Séquard, 1847). The shape of the spectral sensitivity curve suggests that the 
mechanism will be especially valuable as a protection against direct sunlight, 
which is relatively intense at short wavelengths. 

The absence of a marked effect in Xenopus is probably responsible for the 
considerable photophobia of this animal (Denton & Pirenne, 1954). Since 
the contraction of a circular or oval pupil can control the retinal illumination 
only over a tenfold range (1 log unit) it would seem surprising that pupillary 
immobility should make an animal photophobic, were it not for the fact that 
a cat with atropinized eyes becomes photophobic in an illumination which 
would not normally disturb it.— When the pupil contracts, the dorsal part of the 
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frog iris, rich in iridocytes, tends to form a chromatic continuum with the 
_. walls of the orbit: this may help in the protective coloration of the animal 
(Walls, 1942). 
6 The pupillary reaction in the frog has to be taken into account in any 
a measurements of retinal spectral sensitivities and dark-adaptation curves in 
j which the intact eye is employed and in which the luminance level varies from 
d about 10-* to 4 x 108 mL (but see below). 
The results on Xenopus are interesting, even though they are negative. 
8 Denton & Pirenne (1954) measured the spectral sensitivity of this animal by 
) methods based on the animal’s photophobia and melanophore index respec- 
r tively. The resultant sensitivity curves—closely agreeing with each other— 
e were unorthodox. The authors satisfied themselves that this could not be due 
: to selective light absorption by the pre-retinal media; the present results show 
Y} that a variable pupillary aperture can safely be ruled out. This supports the 
e view that the shape of the Xenopus sensitivity curve is to be explained in 
d terms of the photochemical contents of the animal’s retina. 
, The effect of the pupillary contraction on the visual spectral sensitivity of 
8 Rana. Unless the visual spectral sensitivity is measured over as large an in- 
tensity range as Denton & Pirenne used for Xenopus, the contraction of the 
frog pupil can be neglected. It can be shown that such an approximation 
S hardly affects the shape of a measured visual sensitivity curve, although the 
). curve as a whole is displaced by about 10 my towards longer wavelengths. 
is This would appear to be insufficient to account for the different curves as 
e obtained for light- and dark-adapted frogs respectively. 
it 
28 
n SUMMARY 
e 1. A description is given of the experimental arrangement with which the 
1e direct effect of light on amphibian irides was measured. 
- 2. The spectral sensitivity of the iris of Rana temporaria was measured, and 
d the relation between pupil size and luminance level of white light determined. 
1- No systematic effect could be observed with Xenopus laevis. 
\e 3. The reflexion factor of the frog iridocytes was measured in terms of a 
t, magnesium-oxide surface: its effect on the measured iris sensitivity is discussed. 
4. Steinach’s ‘yellow’ globules were observed near the frog sphincter 
1e fibres, but owing to their small size neither their colour nor their position 
se could be determined with certainty. 
yn 5. Various iris extracts failed to reveal the presence of a substance which 
ty could account for the shape of the sensitivity curve of the frog’s iris. 
at 6. The migration of the ‘pigment’ granules of the retinal epithelium and 
sh sphineter contraction are correlated in the two species, and the visual signi- 
ne ficance of the findings is discussed. 
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My thanks are due to Miss S. Bull for her great help during these experiments, and to 
Miss 8. Rountree for help in preparing the sections. 
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SOME PROPERTIES OF AN ALIMENTARY OSMORECEPTOR 
MECHANISM 


By J. N. HUNT 
Department of Physiology, Guy’s Hospital, London, 8.E.1 
(Received 21 October 1955) 


The rate at which a test meal leaves the stomach is influenced by the volume 
of the meal and by its constituents. Fat and concentrated solutions of sugar, 
of acid and of salt slow gastric emptying (Shay, 1944). It has been shown 
that receptive areas mediating these effects lie in the duodenum and jejunum 
(Marbaix, 1898). It is possible that chemical stimuli may also influence 
gastric. emptying by acting on receptors in the gastric mucosa, but the 
threshold of some of the duodenal receptors appears at this time to be lower 
than that of the hypothetical gastric receptors, which may thus have signifi- 
cance only in extreme situations (Keeton, 1925; Luckardt, Phillips & Carlson, 
1919). In addition, there are probably cephalic receptors which influence 
gastric emptying. Because it is common experience that flavours may be 
nauseating, it may be supposed that the appreciation of the taste of a test 
meal can influence its rate of onward progress. 

From studies in man there has grown up a general idea that solutions 
hyperosmotic relative to plasma, or hypertonic relative to the red cell, delay 
gastric emptying; the stomach has been represented as an organ which holds 
and dilutes hyperosmotic meals, so protecting the small intestine from this 
form of osmotic injury. For example, Apperly (1926) writes: ‘the stomach 
retains its contents until a suitable osmotic pressure roughly isotonic with 
plasma is reached’. The results of Hunt, Macdonald & Spurrell (1951) did 
not support this idea of retention; serial test meal studies showed that even 
for solutions containing 200g sucrose/1., which is considerably hyperosmotic 
relative to plasma, the maximal rate of emptying of the meal was early in 
the digestive period before gastric contributions had diluted the meal. 
Nevertheless, such high concentrations of sucrose did slow the process of 
gastric emptying at every stage. 

Ideas concerning the influence of the constituents of test meals on gastric 
emptying in man have been based largely on fractional test meals and radio- 
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logical studies. The fractional test meal gives information about the total 
time required for one particular constituent of the meal to leave the stomach, 
the ‘emptying time’; but this is a somewhat insensitive index of the progress 
of gastric emptying, which is exponential during the greater part of its 
course (Marbaix, 1898; Salamanca & Picazo, 1943; Hunt & Spurrell, 1951; 
Hawkins, Margolin & Thompson, 1953; Thornton, Bean & Hodges, 1955). 
Radiological studies are more revealing but cannot be repeated frequently 
on the same subject, nor are the results easily expressed quantitatively. 

As an alternative to these methods, single withdrawals of the total gastric 
contents at a fixed time after giving standard meals were made in students 
and in patients with peptic ulcer to study the influence on gastric emptying 
of varying the concentration of sucrose in test meals (Hunt, 1954). It was 
found that the volume of the gastric contents was greater at 30 min with 
test meals containing 35g sucrose/1. than it was with test meals containing 
no sucrose. Thus a test meal of distilled water emptied more quickly than 
one with an osmotic pressure roughly one-third that of plasma. A meal with 
a higher concentration of sucrose to give an osmotic pressure equal to that 
of plasma emptied even more slowly. In these experiments the stomach was 
clearly not shielding the intestine from osmotic stress as conceived at its 
simplest, for hypo-osmotic as well as hyperosmotic solutions might be con- 
sidered to provide stress. As the simplest concept relating the osmotic 
pressure of test meals and gastric emptying did not provide an adequate 
explanation of the results in this instance, the present experiments were made 
to explore in a more general way the relationship between the concentration 
of some representative solutes in test meals and gastric emptying. By such 
experiments it was hoped to obtain information about the receptive mechan- 
ism involved. 

METHODS 
After washing out the stomach with 250 ml. of tap water at about 8 a.m. test 
meals of 750 ml. of distilled water at 37° C containing varying concentrations 
of solutes were given to fasting volunteer medical students. Salivary aspira- 
tion was usually maintained until 10-30 min later, when the gastric contents 
were recovered through a tube. In some instances phenol red was added to 
the test meal as a marker, and when this was done the stomach was washed 
out with tap water and the value for the volume of gastric contents repre- 
sented by the phenol red so recovered was added to the volume of the gastric 
contents recovered directly. In the majority of experiments in which the 
test meal contained no phenol red, the stomach was washed out with 250 ml. 
of phenol red solution, and the residual volume was determined from the 
dilution of the dye. In some experiments the meals were given by stomach 
tube, the rate of inflow being about 750 ml./min; when this was done, the 
tube was left down until the gastric contents were recovered. In the other 
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experiments it was withdrawn after the initial washout and re-inserted later. 
The methods used have been published (Hunt & Spurrell, 1951; Hunt, 
1951). 
RESULTS 
The influence of phenol red on gastric emptying 
of swallowed test meals 


. As some of the experiments referred to in this paper were performed with 


solutions containing 60 mg phenol red/l. simply as a marker, it was first 
necessary to determine whether or not it significantly influenced emptying. 
In Table 1 are set out the results for twelve subjects of forty-eight experi- 
ments designed to examine this point. It may be seen that when the test 
meal contained no sucrose in six subjects out of seven the phenol red had an 


TasLeE 1. The influence of phenol red on the volume of the gastric contents after fixed periods 


for swallowed test meals 
Mean volume of 
contents (ml.) 

Subject meal (min) A B A-B 
H.D.W.P. Water 20 482 (4) 410 (1) +72 
AR. Water 20 328 (3) 340 (1) -12 
L.V.H. _ Water 20 361 (3) 350 (1) +l 
J.N.H. Water 20 302 (5) 272 (2) +30 
M.B.R.M. Water 30 170 (1) 160 (1) +10 
L.D.G, Water 30 184 (1) 165 (1) +19 
H.D.W.P. Water 30 337 (2) 310 (1) +27 
J. L. MeN. 35 g sucrose/l. 20 445 (1) 410 (1) +35 
M.J.R. 35 g sucrose/l. 20 350 (1) 385 (1) - 35 
JJ. 35 g sucrose/l. 20 350 (1) 385 (1) ~ 35 
AG. 35 g sucrose/l. 20 423 (2) 445 (1) 22 
LC.R, 35 g sucrose/l. 20 208 (2) 275 (1) ~ 67 
H.D.W.P. 35 g sucrose/I. 20 4365 (2) 380 (1 +55 
P.A.R. 35 g 20 383 (2) 500 (1) -117 
J.N.H, 35 g sucrose/I. 20 340 (2) 370 (1) ~ 30 


The concentration of phenol red was about 60 mg/l. Figures in parentheses give the number of 
results contributing to the means. 


apparent slight hastening effect on emptying (P=0-1): on the other hand, in 
the presence of sucrose the phenol red apparently delayed emptying in six 
subjects out of eight (P=0-2). It may be concluded that phenol red probably 
had no material influence on gastric emptying under these conditions. 


The influence of instilling meals into the stomach on gastric emptying 
During the course of the experiments described in this paper meals were 
either swallowed in the ordinary way or given by stomach-tube in order to 
avoid stimulating ‘precardial’ receptors i.e. those between the lips and the 
cardia, with the solutes introduced into the test meals as deliberate variables. 
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It therefore seemed desirable to determine whether giving a bland meal by 
stomach-tube altered the subsequent gastric emptying as compared with the 
emptying of a similar meal swallowed in the ordinary way. It may be seen 
from Table 2, which shows the results of 103 experiments in 6 subjects, that 
test meals of water and salines left the stomach more rapidly when they were 
given by tube than when they were swallowed. 


TABLE 2. The influence of instilling meals into the stomach on the volume of the gastric contents 


after fixed periods 
Mean volume of ic 
contents (ml.) 
: Composition Duration Swallowed Down tube - 

Subject of meal (min) A B A-B 
L.H. Water 15 510 (2) 443 (6) +67 
H.D.W.P Water 15 658 (3) 584 (6) +74 
LD.G Water 10 361 (3) 350 (5) +11 
M.B.R.M. Water 10 554 (1) 473 (3) +81 
J.N.H Water 15 407 (3) 356 (5) +51 
L.V.H Water 15 498 (3) 466 (5) +32 
L.H. NaCl 100 m-equiv/1. 15 280 (1) 206 (4) +74 
H.D.W.P NaCl 100 m-equiv/1. 15 475 (2) 422 (5) +53 
LD.G NaCl 100 m-equiv/l. 10 120 (1) 87 (1) +33 
M.B.R.M. NaCl 100 m-equiv/1. 10 330 (1) 256 (3) +74 
J.N.H NaCl 100 m-equiv/l. 15 244 (2) 229 (7) +15 
L.V.H NaCl 100 m-equiv/1. 15 272 (1) 211 (6) +61 
L.H. NaCl 160 m-equiv/1. 15 268 (2) 296 (3) - —28 
H.D.W.P. NaCl 160 m-equiv /1. 15 512 (2) 493 (4) +19 
1.D.G. NaCl 160 m-equiv/l. 10 154 (1) 121 (1) +33 
M.B.R.M. NaCl 160 m-equiv/1. 10 531 (1) 353 (2) +178 
J.N.H. NaCl 160 m-equiv/1. 15 320 (3) 274 (5) +46 


Figures in parentheses give the number of results contributing to the means. 


The results of Tables 1 and 2 refer to the volume of the gastric contents, 
that is meal with secretion added. It is conceivable that the differences 
between volumes of gastric contents shown in the tables are really the result 
of alterations in secretion rather than in emptying. It would therefore have 
been apparently preferable to have based comparisons on the volumes of 
meal remaining in the stomach rather than on volumes of gastric contents. 
However, this has not been done because an occasional increase in the con- 
centration of phenol red in a swallowed test meal whilst it was in the stomach 
has been observed, suggesting that some water may be absorbed from the 
gastric contents when they are hypo-osmotic relative to plasma. This has 
previously been reported by Penner, Hollander & Post (1940). The amount 
of marker remaining is therefore not always a completely reliable index of 
the volume of the original test meal which remains in the stomach when the 
meals are of a lower osmotic pressure than that of the plasma. If the larger 
volumes of the gastric contents when the meals were swallowed were the 
result of greater secretion in these circumstances, it would be expected that 
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the gastric contents after swallowing the meal would be more acid than after 
giving the meal down the tube. Study of the concentrations of acid in the 
recovered gastric contents showed that the differences between the volumes 
of the recovered gastric contents could not be accounted for in this way, since 
there was virtually no difference between the means of the concentration of 
acid in the recovered gastric contents after meals given down the tube and 
after meals swallowed. Thus the data of Tables 1 and 2 may be interpreted 
in terms of gastric emptying. 


The influence of sucrose on gastric emptying 
in experiments of 20 min duration 
The data of Table 3 show that in eight subjects out of nine the volume of 
the gastric contents was greater 20 min after taking test meals containing 
35g sucrose/l. than it was after meals of distilled water. These data confirm 
similar earlier experiments in which the digestive period was 30 min (Hunt, 
1954). 


TaBE 3. The influence of sucrose on the volume of gastric contents 20 min after taking 
a 750 ml, test meal 


Mean volume of gastric 
contents (ml.) 
Water + 35 g 

Water sucrose 
Subject A B B-A 
J.L.McN 388 428 +40 
.R. 232 368 +136 
J.J 342 368 +26 
A.G. 388 430 +42 
L.C.R. 88 230 +142 
H.D.W.P. 459 418 -4l1 
P.A.R. 331 421 +90 
L.V.H. 345 475 +130 
J.N.H. 302 350 +48 


The influence of sodium chloride on the gastric emptying 
of swallowed test meals 


Eight subjects were given twenty-six meals of distilled water and twenty- 
six meals containing 100 m-equiv or 160 m-equiv NaCl/l. to swallow. The 
results are shown in Table 4. It may be seen that in every instance the 
volume of the gastric contents was less 20 min after a meal of saline containing 
100 m-equiv NaCl/l. than it was after a meal of distilled water, or of saline 
containing 160 m-equiv NaCl/l. This finding was surprising since the solution 
containing 160 m-equiv NaCl/l. is nearly isotonic for red cells and might 
therefore be expected to offer a minimal osmotic stress to the intestinal 
mucosa. However, these meals were taken by mouth, and it is a fact that 
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meals containing 160 m-equiv NaCl/l. are slightly unpalatable. It was 
therefore decided to determine the gastric response to such meals when they 
were given by stomach tube. 


TaBiz 4. The influence of sodium chloride in test meals on the volume of the gastric contents 
20 min after taking a 750 ml. test meal by mouth 


Mean volumes of gastric contents (ml.) 


Water + Water + 
100 m-equiv 160 m Vv 
Water N N 

Subject A B A-B C B-C 
J.L.McN {2) 343 (3) +45 
M.J.R. 232 (2) 188 (2) +44 260 (1) -72 
IJ $42 (4) 210 (1) +132 260 - 50 
AG 388 (3) 147 (2) +241 275 (1) ~ 128 
H.D.W.P 482 (4) 450 (2) +32 450 (1 0 
P.AR. 328 (3) 300 (3) +28 290 (1 +10 
L.V.H. 361 (3) 145 (2) +116 180 (1) -35 
INH 302 (5) 142 (2) +160 265 (2) ~123 


Figures in parentheses give the number of results contributing to the means. 


The influence of sodium chloride on the gastric emptying 
of instilled test meals 

Table 5 shows the results obtained in 113 experiments on six subjects who 
received by tube test meals of distilled water and saline solutions containing 
50, 100, 160, 250 or 350 m-equiv NaCl/l. In every subject the volume of the 
recovered gastric contents was least with meals containing 100 m-equiv 
Na(Ci/L. 

In addition to the mean volumes of the gastric contents Table 5 shows the 


about the means. It is apparent that the coefficients are in general consider- 
ably smaller for the meals of distilled water than they are for the saline meals. 
In one or other of his results for saline meals every subject shows at least a 
doubling of the coefficient of variation as compared with the meals of water. 
It is relevant to the experiments which follow to note that the differences in 
emptying rates between distilled water and meals containing solutes are 
apparent even when the duration of the test is only 10 min. Because meals 
swallowed and meals given by tube are similarly influenced by the addition 
of salt it appears that saline solutions exert their main effects via receptors 
distal to the cardia. 


The influence of HCl on gastric emptying 
The results of 102 tests to determine the influence on gastric emptying of 
10 m-equiv HCl/l. of test meals are shown in Table 6. It may be seen that in 
tests lasting 20 min, when the meal was taken by mouth 10 m-equiv HCl/l. 
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was effective in slowing emptying in all eight subjects: whereas when a 
similar meal was given by tube three subjects did not show slowing of empty- 
ing a8 compared with water. A similar comparison of the emptying rates of 
water and dilute acid given by tube, in tests of slightly shorter duration but 
of greater number per subject, again failed to show that the addition of 
hydrochloric acid had any reliable influence in slowing emptying when the 


Tasie 5. The influence of sodium chloride in test meals instilled into the stomach on the mean 
volume of the gastric contents after fixed periods 


Subjects . L.D.G. M.B.R.M. J.N.H. L.V.H. 
Duration -» 15 min 15 min 10 min 10 min 15min 15min 
Water 
Mean volume gastric 443 584 350 473 356 466 
contents (ml.) 
Coeff. of variation (%) 11 16 ll 14 21 
8.8. of mean +21 +17 +25 +31 +23 +44 
No. of results 6 6 5 3 
50 m-equiv NaCl/1. 
Mean volume 224 449 207 323 246 384 
contents (ml.) 
Coeff. of variation (%) 61 33 30 17 7 32 
8.8. of mean +80 +60 +43 +32 +8 +61 
No. of results 3 6 2 3 5 4 
100 m iv N 
po oie 206 422 87 256 229 211 
contents (ml.) 
Coeff. of variation (°%) 37 —_ 27 36 13 
8.8. of mean +38 424 +41 +31 +27 
No. of results 4 l 
160 m-equiv NaCl/1. 
Mean volume gastric 296 493 121 353 274 268 
contents (ml 
Coeff. of variation (%) il 13 _ 35 31 49 
of mean +19 +33 +87 +38 +65 
No. of results 4 1 2 5 4 
250 m-equiv NaCl/1. 
340 554 172 419 
contents (ml. 
No. of results l 1 1 _ 2 1 
350 m-equiv NaCl 
Mean volume Stele 488 650 345 438 576 470 
contents (ml.) 
No. of results 1 2 1 2 2 1 


subject was not allowed to taste the meal (which has a peculiarly unpleasant 
quality when 750 ml. are drunk). These results are significant in the light of 
the data of Table 5, which show that even the tests of 10 min duration are 
sufficiently long to allow differences in rates of emptying to show themselves. 
The data of Table 6 show that 10 m-equiv HCl/l. of test meal do not slow 
gastric emptying by stimulating ‘ postcardial’ receptors. The data of Wilhelm), 
Neigus & Hill (1933) for dogs show that solutions containing 20 m-equiv 
H*/l. slow gastric emptying by stimulating receptors distal to the pylorus. 
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TaBie 6. The influénce of 10 m-equiv hydrochloric acid/l. in test meals, swallowed and instilled, 
| on the volume of the gastric contents after fixed periods — 


Mean volume of 
gastric contents (ml.) 
Duration 10m 
of test Method of Water HCl 8.E. of 
Subject (min) ingestion A B A-B (A -B) 
J.L. MeN. 20 Swallowed 388 (2) 550 — 162 — 

. MAR. 20 Swallowed 232 (2) 300 (1) — 68 — 
J.J. 20 Swallowed 342 (4) 450 (1) — 108 — 
A.G. 20 Swallowed 388 (3) 530 (1) ~ 142 — 
LC.R. 20 Swallowed 88 (2) 300 (1) — 212 — 
H.D.W.P. 20 Swallowed 482 (4) 550 (1) — 68 — 
L.V.H. 20 Swallowed 361 (3) 370 (1) -9 — 
J.N.H. 20 Swallowed 302 (5) 410 (1) — 108 _— 
J.L. MeN 20 Instilled (1) 395 (2) +5 — 
M.J.R. 20 Instilled 118 (2) 200 (1) — 82 — 
JJ. 20 Instilled 380 (2) 328 (2) +52 —_ 
A.G. 20 Instilled 390 (1) 418 (2) — 28 — 
LC.R. Instilled 7 (1) 190 (2) — 183 
H.D.W.P. Instilled 375 (1) 540 (1) — 165 — 
L.V.H. 20 Instilled 450 (1) 400 (1) +50 _— 
J.N.H. 20 Instilled 283 (2) 400 (1) -117 _ 
L.H 15 Instilled 443 (6) 412 (3) +31 +25 
H.D.W.P 15 Instilled 584 (6) 573 (2) +11 +46 
LD.G 10 Instilled 350 (5) 414 (3) — 64 +43 
M.B.R.M. 10 Instilled 473 (3) 512 (2) - 39 +31 
J.N.H. 15 Instilled 356 (5) 373 (4) -17 +25 
L.V.H. 15 Instilled 466 (5) 406 (2) +60 +46 


Figures in parentheses give the number of results contributing to the means. 


A comparison of the influence on gastric emptying of sodium 
and potassium wn test meals 

Having found that test meals containing 100 m-equiv NaCl/l. emptied 
more rapidly than distilled water, it was natural to try to determine whether 
Na* or Cl- was the important factor in this action. Table 7 shows the results 
of sixty-nine experiments on eleven subjects in which test meals containing 
100 m-equiv of NaCl, NaHCO,, Na,SO,, KCl, KHCO, or K,SO, per litre were 
given by tube and recovered after 10 and 15 min. Inspection shows that the 
meals containing potassium salts emptied considerably more slowly than 
those containing sodium salts. However, the anions Cl-, HCO,-, and SO,2- 
also had their effect. The solutions containing bicarbonate ions emptied more 
rapidly than those containing chloride ions, The mean decrease in the volume 
of the gastric contents produced by the change from chloride to bicarbonate 
was 27 % (s.8. of mean + 5-3) when the cation was sodium and 6-7 % (s.£. of 
mean + 3-4) when the cation was potassium. This effect of the bicarbonate ion 
cannot be ascribed to the neutralization of the hydrogen ions produced by 
the stomach with the consequent abolition of the slowing action of H* acting 
from the duodenum. Reference to Table 6 will show that even 10 m-equiv 
H*/l. of test meal had no consistent effect on gastric emptying when the meal 
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was instilled down a tube. Since the acidity of the gastric contents in these 
subjects only rarely exceeded 10 m-équiv/l. at the end of the 15’min ‘period 
of the test meal, the difference between the rates of emptying of the meals 
containing Cl- and HCO,~ must very probably be attributed to some direct 
action of these anions on the receptor mechanism. In addition, it may: be 
seen from Table 7 that solutions containing 100 m-equiv Na,SO,/l. emptied 
more slowly than solutions containing 100 m-equiv NaCl/l., the:mean increase 
in the volume of the gastric contents being 29% (s.. of mean +7-4). The 
significance of this comparison is not as clear as that of the comparison of 
Cl- and HCO,~ since the divalency of the 80,2- imposes a change in the con- 
centration of anion particles as compared with the NaCl control. However, 


TaBLe 7. The volume of the gastric contents 15 min after instilling into the stomach test meals 
of 750 ml. containing 100 m-equiv of various sodium and potassium salte/litre 
: Mean volume of gastric contents (ml.) 


Subject NaCl NaH©O, Na,80, KG KHCO, _‘K,80, 
J.AM. 315(2) 199(2) 414 637 (2). 561(2) 
J.N.H. 175(2) 127(3) 611(2) 558 (2) 
P.J.W. 424(2)  285(2)  462(2) 687 622 
Jd. 398 277 466(2) 577 557 es 
M.B.R.M.* 232 400 627 
ES.K. 382 191 409 621 505 506 
JMS. 147 164 293 628 661 652 
B.W.J. 166(2) 247 489 417 381 
M.S.D. 370 259 461 484 536 630 
G.G.W. 232 147 314 430 359° 456 


Figures in parentheses give the number of results contributing to the means. 
* Indicates that the duration of the test was 10 min. 


the relatively small effect of reducing the concentration of NaCl from 100 to 
50 m-equiv/l., in the experiment the results of which are given in Table 5, 
suggests that the sulphate ion may have some action on the ‘postcardial’ 
receptor mechanism which regulates gastric emptying. It is to be expected 
that the ions which slow gastric emptying when added to test meals which 
already empty slowly will not show their action as convincingly as when they 
are added to meals which empty rapidly. It is therefore not surprising that 
the emptying of meals containing 100 m-equiv K,S0,/l. was not consistently 
slower than that of meals containing 100 m-equiv KCl/l., since the KC! meals 
themselves leave the stomach slowly. In general, these experiments show 
that at the concentrations of 100 m-equiv/l. the receptor mechanism readily 
distinguishes between Na* and K*, and between HCO,- and Cl-. It seems 
possible that the receptor mechanism distinguishes between Cl- and 8O,*-, 
but this point has not been rigidly tested. 
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The influence of variation of the concentration of sodium bicarbonate 
in instilled test meals on gastric emptying 

Having in mind the relation between the concentration of NaCl and the 
rate of emptying shown in Table 5, it was decided to explore the relation 
between the rate of emptying and the concentration of NaHCQ,; in particular 
because 100 m-equiv/l. of this solute gave a higher rate of emptying than a 
corresponding solution of NaCl in the experiments, the results of which are 
shown in Table 7. It seemed, therefore, that the minimal operation of the 
receptor mechanism which slows gastric emptying might be obtained with 
NaHCO,. 

To determine the concentration which would give the most rapid emptying 
demanded that the concentrations of NaHCO, be varied by smaller steps 
than those used in the experiments reported in Table 5. In addition, the 
results shown in Table 5 lead to the expectation that the variation between 
the results of repetitions of the same experiment in each subject would be 
relatively large when the test meals contained concentrations of solutes 
giving rapid rates of emptying. These points made it desirable to attempt 
some form of synthesis of data obtained from a number of subjects so as to 
minimize the expected unreliability of the results of single experiments. 

Because there is a considerable intersubject variation in the rate of empty- 
ing it is desirable to use different digestive periods for different subjects in 
order that a workable volume of gastric contents shall remain at the time of 
withdrawal. The results of the sixty-three experiments made in five subjects 
to examine the relationship between the concentration of NaHCO, and the 
rate of gastric emptying are shown in Fig. 1. In order to minimize the inter- 
subject variation each experimentally determined volume of the gastric 
contents with solutions containing NaHCO, has been expressed as a percentage 
of the mean volume of water remaining in the stomach of each subject after 
the particular digestive period chosen for him. Close inspection of Fig. 1 
shows that, in spite of this effort to minimize the intersubject variation, the 
results for different subjects do differ, and these differences cannot be wholly 
ascribed to some subjects having 10 min digestive periods whilst others have 
15 min periods. It is clear that adding between 60 and 100 m-equiv of 
NaHCO,/l. of meal reduced the volume of the gastric contents remaining by 
about 50% as compared with that remaining when water alone was given. 
It is also clear that solutions containing higher concentrations of NaHCO, 
than 100 m-equiv/l. emptied more slowly than those containing between 60 
and 100 m-equiv/l., but even when the meal contained 200 m-equiv NaHCO, /1. 
the emptying rate was still faster than that for water. Thus in general the 
relation between the concentration of NaHCO, in the meal and its rate of 
emptying is much the same as that for NaCl shown in Table 5. 
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The influence of urea in test meals on gastric emptying 

The difference between the action of sodium and potassium on gastric 
emptying might depend upon the receptor mechanism being permeable to 
sodium but not to potassium. If this were so it might be expected that any 
particle to which the receptor cells were permeable would act similarly to 
sodium. This speculation led to experiments in which urea, a molecule which 
permeates most mammalian membranes readily, was added to the test 
meal, 
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Percentage of mean volume of gastric 
contents with test meal of water 
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Fig. 1. The influence of the concentration of sodium bicarbonate in 750 ml. test meals on the 
volume of the gastric contents remaining after a fixed interval. x, J.N.H. 10 min; 
O, J.M.J. 15 min; @, A.V. 10 min; +, R.J.8.M. 15 min; FD, G.M.P. 15 min; A, mean. 


Table 8 shows that the addition of varying amounts of urea to test meals 
taken by mouth did not systematically change the emptying of the test 
meal as compared with that of a meal of water. However, the experimental 
data given in Table 6 indicate that unpleasant flavours may activate ‘pre- 
cardial’ receptors which slow gastric emptying. The flavour of the meal 
containing urea was certainly unattractive to some of the subjects so that it 
might well have acted in this way. With this in mind the experiments were 
repeated with meals containing 12g urea/l. of osmotic pressure comparable 
to 100 m-equiv NaCl/l, but given by stomach tube. It may be seen from the 
second part of Table 8 that the test meal containing urea when given down a 
tube emptied more rapidly than distilled water in all ten subjects. 
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TaBLE 8, The influence of urea in test\meals on the volume of the gastric 


contents after fixed periods 
INH © 302 295(2) <4 360 (1) =57 
M.J.R. 20 232 270 (1) — 38 
J.J. 360 (1) ~18 
A.G. 350 (1) +38 
H.D.W.P. 20 482 400(1) +82 327 (3) +155 400(1) +82 
P.A.R. 20 328 270(1) +58 100 (I; -27 330 (1) -2 
L.V.H. 20 361 375 (1) -14 400 (1 39 310 (1) +651 
Meals down tube: 

H. 407 (1) +36 
H.D.W.P. 25 584 — 453 (1) +131 
LD.G. 256 (1) +95 
L.V.H. 15 558 5265 (1) +33 
J.M.J. 15 600 394 (1) + 206 
E.S.K. 15 347 342 (1) +5 — 


The influence on gastric emptying of sorbitol in test meals 

Having found that test meals containing urea left the stomach more 
rapidly than those of distilled water, another non-ionized solute which possibly 
diffuses into cells was tested for its effect on gastric emptying. Sorbitol 
(suggested by Dr R. B. Fisher) was added to test meals given to four subjects. 
The results, expressed in the same manner as those of Fig. 1, are shown in 
Fig. 2. It is clear from these data that if sorbitol at concentrations of 5-10 g/1. 
has any effect at all in accelerating gastric emptying it is very small and not 
likely to be revealed by any reasonable number of repetitions of the experi- 
ments whose results are shown in Fig. 2. 

However, a detailed test of the hypothesis that test meals containing 10g 
sorbitol/l. leave the stomach more rapidly than those of distilled water has 
been made in a single subject who was remarkable at this time for the con- 
sistent behaviour of his stomach. Experiments were made on successive days, 
the sorbitol being included in the meal on alternate days. The data are set 
out in Table 9 in the order in which they were obtained. The volume of the 
gastric contents for meals containing sorbitol has been subtracted from the 
volume of the gastric contents of the previous day with the test meal of 
water. It appears from this experiment that meals containing 10 g sorbitol/|. 
of meal empty more rapidly than meals of distilled water (P=0-001). 
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A comparison of the effect of change of concentration of sodium bicarbonate, of 
sodium chloride and of urea upon gastric emptying of instilled test meals 
_ Having established im a general way the relation between the rate of 
gastric emptying and the concentration of some solutes in test meals it was 
decided to make a more detailed study of the effects on the rate of emptying 
of the various solutes at different concentrations. Because of the large number 
of experiments required, this investigation has been made in one subject only 
with meals of one duration only. Nevertheless, a consideration of the data 
in Tables 1-8 suggests that differences between subjects are quantitative 
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Fig. 2. The influence of the concentration of sorbitol in 750 ml. test meals on the volume of the 
gastric contents remaining after a fixed interval. x, J.N.H. 10 min; O, J.M.J. 15 min; 
@, A.V. 10 min; +, R.J.8.M. 15 min. 


TaBLE 9, The influence of 10 g sorbitol/l. of test meal on the volume of the gastric contents 


remaining after 20 min 
Subject H.D.W.P. 
Volume of gastric contents (ml.) 
Water 
Water sorbitol/l. 

A B A-B 
441 364 717 
411 367 44 
493 434 59 
422 371 51 
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rather than qualitative so that generalizations from a single subject may be 
acceptable for the moment. 

The results of twenty-three experiments with urea, twenty-nine experi- 
ments with sodium bicarbonate and twenty experiments with sodium 
chloride are set out in Figs. 3-5. The general relationship between con- 
centration of the solute and its influence on emptying is similar in the three 
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Fig. 3. The influence of the concentration of urea on the volume of the gastric contents 20 min 
after taking a 750 ml. test meal. Subject J.N.H. The solid line is fitted statistically to the 
solid points. The broken line is fitted by eye to the open circles. 
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Fig. 4. The influence of the concentration of sodium bicarbonate on the volume of the gastric 
contents 20 min after taking a 750 ml. test meal. Subject J.N.H. The solid line is fitted 
statistically to the solid points. The broken line is fitted by eye to the open circles. 
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figures in that there is a maximal rate of emptying at a concentration of about 
200 m-osmole/l., whilst at higher concentrations the rate of emptying is 
slowed. A more detailed examination of these data is given in the discussion. 
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Fig. 5. The influence of the concentration of sodium ehloride on the volume of the gastric con- 
tents 20 min after taking a 750 ml. test meal. Subject J.N.H. The solid line is fitted 
statistically to the solid points. The broken line is fitted by eye to the open circles. 


A comparison of the effects on gastric emptying of various concentrations 
of potassium chloride, of sorbitol and of glucose in test meals 

To extend the investigation of solutes which mainly retard gastric emptying 
as compared with that of distilled water, experiments were made with meals 
containing potassium chloride as a typical ionized solute, glucose, a sugar 
particularly likely to suffer active transport, and sorbitol, an alcohol with a 
molecular weight almost equal to glucose and unlikely to be metabolized in 
the body. Inspection of the data presented in Figs. 6-8 shows that at the 
lower concentrations of these solutes, expressed in m-osmole/I., they are about 
equipotent in slowing gastric emptying but that at 500 m-osmole/I. potassium 

chloride appears to be consistently more potent than glucose and sorbitol. 


DISCUSSION 
The technique 
Giving a meal of fixed volume containing varying concentrations of a solute 
and aspirating the gastric contents after a fixed interval is a very simple 
method of studying gastric emptying, but some precautions are probably 
necessary to obtain reliable results. The stomach should be washed out before 
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Fig. 6. The influence of the concentration of glucose, sorbitol and potassium chloride in test 


meals on the volume of the gastric contents 20 min after taking a 750 ml. test meal. Subject 
H.D.W.P. O, Glucose; A, sorbitol; @, KCl. 


Fig. 7. The influence of the concentration of glucose, sorbitol and potassium chloride in test 
meals on the volume of the gastric contents 15 min after taking a 750 ml. test meal. Subject 
M.B.R.M. O, Glucose; @, KCl. 
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Fig. 8. The influence of the concentration of glucose, sorbitol and*potassium chloride in test 
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meals on the volume of the gastric contents 20 min after taking a 750 ml. test meal. Subject 
J.N.H. ©, Glucose; A, sorbitol; @, KCl. 
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giving the meal so that variations in the amount of resting secretion mixing 
with the meal are minimized. When the flavour of the meal is unpleasant the 
meal should be given down a tube and the tube should not be withdrawn if 
the unpleasant flavour is strong. The more the emptying is slowed by the 
addition of solutes the more reproducible do the results become. There are 
probably a number of other factors which influence the results, but their 
effect can be minimized by practising a very strict routine from day to day 
and by using a large volume of test meal. 


The effect of instilling the meal into the stomach 


Whether the meal is water or saline, instilling the meal down a tube results 
in faster gastric emptying as compared with a meal swallowed in the ordinary 
way. This effect may be attributable to the shorter duration of inflow of 
instilled meals into the stomach, 1 min as compared with about 2 min, or it 
may be the result of the abolition of the receptive relaxation of the stomach 
(Cannon & Lieb, 1911), which follows a swallow and persists whilst swallowing 
continues. The majority of subjects take about 2 min to drink 750 ml., and 
it is possible that a reduction in intragastric pressure for this period is suffi- 
cient to account for the small reduction of the rate of emptying for the 
swallowed meal as compared with the instilled meal. However, the effect is 
a small one and does not give reason to doubt that mechanisms discovered 
by experiments with instilled meals will also operate with meals swallowed in 
the ordinary way. The need to instil meals of unpleasant flavour if ‘post- 
cardial’ receptors are to be investigated is clearly shown by the experimental 
data of Table 6. The marked slowing effect of stimulation of ‘precardial’ 
receptors by 10 m-equiv HC1/1. of test meal was entirely abolished by instilling 
the meal down a tube. In this series of experiments the slowing of emptying 
by ‘precardial’ receptors was an important finding, because such stimulation 
presumably accounted for the variability of the results in the first experiments 
with urea. 

The properties of the osmoreceptor mechanism 

As the concentration of potassium chloride or glucose in an instilled test 
meal of water is raised from zero, the rate of emptying of the meal from the 
stomach becomes progressively slower. On the other hand, as the concentra- 
tion of sodium bicarbonate or urea in a test meal is raised, the rate of emptying 
of the meal increases at first but becomes progressively slower after a certain 
concentration is surpassed. Fig. 9, which extends this statement, gives a 
quantitative synopsis of all the data of this study. It is actually based on 
data drawn from Figs. 3-5 and 8, and refers only to one subject, but it is 
substantiated by qualitatively similar data given in the tables for many other 
subjects. The small distinction between the values for the minimal volumes 
of gastric contents remaining for meals containing sodium chloride and 
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sodium bicarbonate is supported by the data of Table 7 based on ten subjects. ‘ 
The distinction between the values of the minimal volumes of the gastric . 
contents with meals containing sodium salts and urea is sufficiently clear ; 
from a comparison of Figs. 3—5. The slopes of the lines in Fig. 9 for meals ‘ 
containing sorbitol, glucose and potassium chloride are based on the data of 
Fig. 8. 
r 
( 
8 
20 
fi 
3 a 
i i i rr 
R 200 400 600 1000 te 
Concentration of solute (m-osmole/I.) 
Fig. 9. The influence of the concentration of several solutes in test meals on the volume of the o 
gastric contents 20 min after taking a 750 ml. test meal. Subject J.N.H. 9 
TaBLE 10, The equations of the lines shown in Fig. 9 relating the volumes of the gastric contents te 
20 min after taking a 750 ml. test meal containing varying concentrations of solutes and the al 
concentrations of NaCl, NaHCO,, KCl and urea (m-osmole/l.) in the meals. 
z=a+by, 
where x = volume of gastric contents (ml.), y=concentration of solute (m-osmole/1.) : 
Solute a b s.z. of b m th 
NaCl - 52 0-706 +0-090 200 
NaHCO, 0-707 +£0-075 200 
+ 308 0-848 + 0-068 0 80 
Urea +27 0-454 +0-058 250 
m =minimal concentration of solute to which the equations relate. . 
Finally, inspection of the data set out in Table 10 leaves no reasonable ce 
doubt that the lines relating volume of gastric contents at a fixed time and th 
the concentration of the solute for meals containing potassium chloride at is 
concentrations 0-500 m-osmole/l. and sodium chloride and sodium bicar- ga 
bonate at 300-1000 m-osmole/l. are virtually parallel, in contra-distinction to 
the comparable line for meals containing urea, which differs from the others be 
in that its —o is less. Some of the facts expressed in Fig. 9 are not new, in gr 
particular those relating to sodium chloride, sodium bicarbonate and glucose 80 
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which confirm in more detail the findings of Apperly (1926), Shay (1944) and 
van Liere & Sleeth (1940). However, the increased detail provided by these 
new experiments makes it worth while to attempt to account for the facts by 


a hypothesis. 


A hypothesis to account for the properties of the 
alimentary osmoreceptor mechanism 

Although the characteristics of the alimentary mechanism revealed by the 
present experiments may depend upon the activity of more than one kind of 
receptor, as does a qualitatively similar mechanism in the tongue of the cat 
(Liljestrand & Zotterman, 1954), it is possible to explain the results on the 
assumption that only one type of receptor is involved. This receptor is 
assumed to have the sole function of slowing gastric emptying so that maximal 
rate of emptying corresponds to minimal receptor activity. The degree of 
stimulation of the osmoreceptor is postulated to be a function of the amount 
of work done by the mechanism in separating from the luminal contents a 
fixed volume of a solution of constant osmotic concentration, possibly equal 
to that of plasma. The actual detection of the work might depend upon the 
accumulation of some metabolite or, alternatively, on distortion of the 
receptor resulting from the inadequacy of a fixed amount of available work 
to maintain constant the spatial relationships of the receptor. The receptor 
mechanism is assumed to be drawing water and solutes from solutions 
corresponding to those which were instilled into the stomach. This is not the 
real state of affairs since the stomach and the duodenum add their secretions 
to the test meals, but by considering only the results of meals of large volume 
and short duration the influence of the added secretions is minimized. 

_ If the osmoreceptor mechanism is to secrete a solution of constant osmotic 
pressure it requires water and solute from the intestine. The supply of solute 
will be limited by making available either no solute or only those to which 
the mechanism is postulated to be virtually impermeable, e.g. KCl, and to a 
less extent glucose and sorbitol. But an increase in the concentration of any — 
solute in the intestinal lumen will correspondingly lower the effective con- 
centration of water, thus increasing the work of obtaining water. Thus the 
slope of the line relating the volume of the gastric contents and the con- 
centration of KCl in Fig. 9 is assumed to represent, as a first approximation, 
the relation between work of obtaining water as the concentration of water 
is lowered by increasing concentrations of KCl and the inhibitory effect on 
gastric emptying. 

For solutions containing solutes to which the osmoreceptor is assumed to 
be permeable to varying degrees, such as NaCl, NaHCO, and urea, the 
greater the concentration of solute the less the work of obtaining it from the 
solution. On the other hand, even increasing the concentration of a solute 
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which penetrates the receptor will also correspondingly lower the ambient 
concentration of water, thus increasing the work of obtaining water. The 
concentration of urea which gives the maximal rate of emptying as shown 
in Fig. 9 presumably corresponds to a compromise between the concentration 
for minimal work in obtaining solute at high concentrations of solute and the 
concentration for minimal work in obtaining water at zero concentrations of 
solute. It is noteworthy that once the concentration corresponding to minimal 
inhibition is passed the slope of the line for urea in Fig. 9 is significantly less 
than that for potassium chloride. The smaller slope for urea can be accounted 
for by supposing that up to 1 molar the diffusion of urea is a function of its 
concentration, so that the difference between the slope of the line for solutions 
containing non-penetrating solutes such as potassium chloride and that for 
solutions containing penetrating solutes such as urea corresponds to the 
reduced amount of work of obtaining urea as the concentration rises. _ 

_ The lines relating strength of KCl, of NaCl and of NaHCO, solutions at 
concentrations greater than 300 m-osmole/]. to the volume of the gastric 
contents after a fixed period are virtually parallel to each other. Thus above 
a concentration of 300 m-osmole/l. the osmoreceptor behaves towards NaCl 
as it does towards KCl, which has been postulated not to penetrate the 
receptor. This discrepancy in the hypothesis could be overcome if it were 
supposed that sodium is subject to facilitated transfer with an upper limit to 
the amount which can be transferred. Once maximal transfer has been 
achieved the mechanism behaves towards increasing concentrations of NaCl 
as it does towards increasing concentrations of any particles to which it is 
impermeable. 

There remain a few minor points to be considered. The receptor mechanism 
seems to accept both ionized and un-ionized particles since sodium and urea 
reduce the retarding effect of distilled water. This property is not confined 
to urea but has been shown for sorbitol in one subject and for glycerol in 
another (unpublished). This lack of chemical discrimination justifies the use 
of the term osmoreception. 

It has been postulated that the receptor is completely impermeable to 
potassium, but it has been noted that solutions of KHCO, empty more 
rapidly than solutions of KCl. It would be difficult to explain how the substitu- 
tion of bicarbonate ions for chloride ions could reduce the work of obtaining 
this solute since the potassium is postulated not to penetrate. However, the 
alimentary luminal contents must presumably contain some sodium added in 
the stomach and duodenum so that the inward migration of the bicarbonate 
ion might occur in electrical equilibrium with sodium ion. This would be in 
accord with the finding that the bicarbonate ion present in test meals as 


KHCO, was much less effective in — the inhibition of emptying than 
bicarbonate ion as NaHCOQ,. 
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The upper limit in the gut of the osmoreceptor mechanism can be inferred 
from the observations of Shay & Gershon-Cohen (1934) that radio-opaque 
hyperosmotic meals penetrating no further than the duodenal bulb com- 
pletely inhibited gastric peristalsis and stopped emptying. It would seem 
from experience with test meals containing sorbitol and glucose that the 
actual volume in the intestine may have little influence on gastric emptying in 
the presence of hyperosmotic solutions, for glucose has never purged whereas 
hyperosmotic solutions of sorbitol, which presumably reduce the absorption 
of water, usually purge vigorously, yet both solutions are equally effective 
in delaying emptying. Solutions of NaCl and of NaHCO, at concentrations 
which give minimal inhibition of emptying, and at higher concentrations, 
frequently purge in those subjects whose stomachs empty rapidly. 

This tentative hypothesis appears to account for the experimental findings 
and at the same time it is open to several further tests. For example, it 
would be expected that if the movement of water were restricted by adding 
sugar to the meal, the concentration of penetrating solute which would give 
minimal inhibition would be less than that required in the absence of limita- 
tion of water movement by non-penetrating solute. This expectation has been 
satisfied in a number of experiments in several subjects, but the effect is 
small and the relation between the concentration of penetrating solute giving 
minimal inhibition and the concentration of the non-penetrating solute has 
not been established fully. When these data are available, it might be possible 
to state the hypothesis in quantitative terms. 


SUMMARY 

1. Studies of gastric emptying in man were made by giving 750 ml. test 
meals and determining the volume of the gastric contents after fixed intervals. 

2. Phenol red (60 mg/l.) added as a marker to test meals had no material 
effect on gastric emptying. 

3. Bland test meals instilled into the stomach through a tube emptied more 
rapidly than similar meals swallowed in the ordinary way. 

4. Sucrose (35 g/l.) slowed the gastric emptying of test meals of water. 

5. As the concentration of NaCl in swallowed and instilled test meals was 
increased from zero to 100 m-equiv/l. the rate of emptying of the test meal 
increased. Increasing the concentration of NaCl from 160 to 350 m-equiv/I. 
progressively slowed emptying. The results with salines containing 100 m- 
equiv NaOl/l. were more variable than those with test meals of distilled water. 

6. ‘Precardial’ receptors responded to 10 m-equiv HCl/l. of test meal by 
slowing gastric emptying, but this concentration of acid in test meals had no 
action on gastric emptying when the test meal did not come into contact with 
precardial’ receptors. 

7. As the concentration of potassium chloride or glucose in an instilled 
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test meal of water was progressively raised from zero the rate of emptying of 
the meal from the stomach became progressively slower. On the other hand, 
as the concentration of sodium bicarbonate, of sodium chloride and of urea 
was raised, the rate of emptying of an instilled meal increased at first but 
became progressively slower after certain concentrations were surpassed. 

8. The most prominent effect of increasing the concentration of sorbitol in 
test meals was to slow gastric emptying as the concentration was raised: but 
in one subject test meals containing 10g sorbitol/l. emptied more rapidly than 
test meals of distilled water. 

9. A hypothesis to explain these results in terms of a simple osmoreceptor 
is outlined. 

It is a pleasure to acknowledge my debt to the many students who acted as the subjects for 
this study, to Mr V. Bennett who did much of the technical work, to Prof. W. R. Spurrell for his 


criticism, and to the Worshipful Society of Apothecaries who defrayed part of the expenses of 
the investigation under the terms of the Gillson Scholarship. 
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THE TRANSMISSION OF HEXOSES ACROSS THE PLACENTA 
IN THE HUMAN AND THE RHESUS MONKEY 
(MACACA MULATTA) 
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The blood sugars of the foetus appear to be two in number, glucose which is 
always present andfructose, which is only present in certain species. The role 
of foetal fructose and the evolution of our knowledge concerning it have already 
been reviewed up to 1946 (Huggett & Hammond, 1952). Since then it has been 
shown that when present in the foetal blood of sheep it is also present in the 
amniotic and allantoic fluids (Cole & Hitchcock, 1946; Barklay, Haas, Huggett, 
King & Rowley, 1949). Davies (1952) emphasizes its appearance in the 
allantoic fluid of the sheep embryo before implantation. 

It appears that fructose in foetal blood in any quantity is restricted to 
sheep, goats, pigs, horses and whales (Goodwin, 1953, 1954) and deer (Walker, 
1954), and in these species its concentration exceeds that of glucose. It is 
absent or present only in traces of 5 mg/100 ml. or less in the human foetus 
and in certain other mammalian foetuses (Karvonen, 1949a, b; Hagerman & 
Villee, 1952; Villee, 1953; Goodwin, 1954; Davies, 1954; Huggett, unpublished 
observations). 

Karvonen(1949a, b) has suggested, on the basis of exclusion experiments, that 
the placenta is probably the site of formation of fructose, and that it is not 
made in the foetal body. Huggett, Warren & Warren (1951), with evidence 
from twin foetuses and placental perfusion by the umbilical circulation, 
showed that fructose is formed by the placenta and also that in the second half 
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of preghancy the sheep foetus does not make fructose, thereby confirming 
Karvonen. They also showed that in the foetal sheep hyperfructosaemia 
follows hyperglycaemia: and that, while the placenta is permeable in both 
directions to glucose, fructose passes only from the mother to the foetus, and 
then only in experimental maternal fructosaemia—in other words, foetal 
blood fructose does not pass back to the mother. Alexander, Andrews, 
Huggett, Nixon & Widdas (1955), using placental perfusion techniques, 
demonstrated that the sheep placenta synthesizes the foetal fructose from 
glucose at a constant rate of about 10 mg/min which rate is independent of 
the concentrations of glucose in the foetal or maternal bloods. Further, it 
appeared that the immediate source of the fructose is the umbilical blood 
glucose; the maternal blood glucose is only a secondary source to the extent 
that it passes to the foetus across the placenta. It appeared that the hyper- 
fructosaemia in the foetus following hyperglycaemia, while the production 
rate of fructose was unaltered, was probably due to diminished rate of 
fructose removal by the placental and foetal tissues. This, in turn, was 
probably due to preferential utilization of glucose when present in increasing 
amounts, resulting in diminished utilization of the fructose. Meanwhile, 
Widdas (1951, 1952) had shown that the passage of glucose across the sheep 
placenta, while reversing with reversal of gradient, could not be adequately 
accounted for by a diffusion mechanism, and he postulated an active facilitated 
transport system within the placental cells for which he calculated the kinetics. 
It was therefore of acute interest to determine how these findings were 
applicable in the primate placenta. For this purpose two species were studied, 
Homo sapiens and Macaca mulatta: a preliminary report of the findings has 
already been made (Huggett, 1954). 


METHODS 


The principle used in the experiments was the infusion or injection of inactive or radioactive 
glucose or fructose into the maternal or foetal bloods before and during Caesarean section, and the 
removal of serial blood samples from the mother and foetus. These samples were assayed for 
glucose, fructose and radioactivity. The experiments involving radioactive sugars were restricted 
to the monkeys. The collection of ‘foetal’ samples after ligature and section of the cord was 
directly from the newborn infant, and sometimes from the stagnant blood of the placenta im- 
mediately after cord section, a technique of limited value first introduced by Boyd & Wilson 
(1935). 

Human experiments. The human cases were all patients upon whom classical Caesarean orate 
was necessary. The technique outlined by Dieckmann & Kramer (1944) was used. Operation w 
conducted under local anaesthesia with lignocaine (‘ X ylocaine’, Duncan, Flockhart) and Recatine, 
a frequent practice in Johns Hopkins Hospital. Clinical experience has shown that under these 
conditions the infant has the optimum chance of resuscitation should asphyxia neonatorum super- 
vene. No cases of this condition occurred, all the babies being in excellent condition on delivery 
and thereafter. Intravenous infusion of 10% glucose or fructose to the mother was effected during 
the operation by a needle in the vein of the antecubital fossa. If the placenta was on the anterior 
surface of the uterus the investigation was impracticable and the operation proceeded without any 
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experiment. If, however, the placenta was posterior, then the cord was delivered through a small 
incision in the front of the uterus. The umbilical vein was punctured and 5 ml. blood withdrawn 
through a 3-way tap into a heparinized syringe. The needle was left in situ and the tap turned 
to a saline drip just adequate to stop clotting in the needle and cord. The syringe with blood 
sample was removed and replaced by a second heparinized syringe. Heparin powder and not 
liquid heparin was used. The surgeon watched the foetus and foetal pulse so long as there was no 
evidence of foetal distress. Slowing of the pulse was taken as a sign of such distress: when this 
occurred 2 ml. more of blood were taken at once and the removal of the infant was completed. 
An effort was made to have an interval of 15 min between the two foetal samples as was achieved 
by Dieckmann & Kramer (1944), but in fact 11 min was the maximum interval obtained. The 
maternal blood samples were removed from the hand veins simultaneously with the taking of the 
foetal samples. Eleven cases were investigated. There were no untoward incidents or mishaps to 
either mother or infant. 

Monkey experiments. All monkeys were anaesthetized with an initial 5 ml. of 5 % (w/v) intra- 
venous thiopentone (‘Pentothal’, Abbott Laboratories) given very slowly through a polythene 
catheter kept in the saphenous vein. Through this catheter further 0-5 or 1-0 ml. injections were 
made when necessary. Previous experiments upon sheep, both in London and Baltimore, had 
shown that ‘Pentothal’ produced no change of blood sugar on injection. This was confirmed for 
the monkey. In the first monkey experiment pentobarbitone (‘Nembutal’, Abbott Laboratories) 
was used and produced considerable fluctuation of the maternal blood sugar which did not oocur 
with pentothal. Changes in the reactivity and tone of muscle indicated the need for supplementary 
doses of ‘Pentothal’. A cannula was put into the carotid artery for maternal blood samples and 
a catheter in the second saphenous vein for intravenous injection or infusion. Occasionally 
maternal blood was obtained from a uterine vein tributary. 

Foetal blood was obtained by two techniques. In the first two experiments a purse-string 
suture was put in the uterus and the top of the head carefully delivered through an incision within 
it: the suture, being adjacent to the bony points of the skull, was tightened round the head 
sufficiently to prevent loss of amniotic fluid but not enough to stop venous return from the head. 
The majority of foetal blood samples were obtained, however, from the interplacental artery as 
described by Reynolds, Paul & Huggett (1954). The principle upon which this method depends is 
that 80% of Macaca monkeys have a double placenta, a primary and a secondary, joined by two 
interplacental arteries and veins which are branches of the main umbilical artery and vein and 
proceed on the surface of the primary or main placenta to the secondary and smaller placenta. 
These vessels being external to the amniotic sac but within the uterine wall, it is possible to 
expose them by dissection and to insert a polythene catheter within the artery, leaving it in position 
for withdrawal of foetal blood samples so long as desired. In some cases collections were made for 
5 hr. The only difficulty lies in location of the interplacental vessels. This was accomplished in 
earlier experiments by pushing a child-size cystoscope through an incision in the uterine wall 
within a purse-string suture. In later experiments a pocket torch was used. In a darkened 
room the transillumination of the uterine wall showed up the opacity of the placenta and 
the interplacental vessels. When the cystoscope was used it not only did this but also helped 
by illuminating the foetus, placenta and the umbilical vessels and their interplacental branches. 
The suture being drawn tight on the cystoscope there was no loss of amniotic fluid and no fall of 
intra-uterine pressure. The transillumination procedure served our purpose better, however. Both 
techniques ensured that there would not be expulsion of the foetus and placental separation, 
which is certain to occur when the vessels are sought by exploratory operation. 

Sugar determinations. Fructose was determined by Cole’s modification of Roe’s (1934) resorcinol 
method as described by Bacon & Bell (1948). Glucose was determined directly by colour formation 
with benzidine (McCance, 1926) and made quantitative by the method of Jones & Pridham (1953, 
1954). Glucose determination in the presence of fructose as the difference between copper values 
for total reducing substances and resorcinol values for fructose can give fallacious results needing 
correction. These errors can be obviated when glucose is determined directly by chromogenesis 
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with aniline (Gardell, 1951) or benzidine (Jones & Pridham, 1953). Benzidine was found the more 
suitable in these present studies. 

In adapting this method to whole blood the main points of technique were: 

(i) Protein of whole blood was precipitated by mixing 1 part of blood and 9 parts of absolute 
alcohol or of 10 % trichloracetic acid. The former was preferable when counts of radioactivity were 
to be made on the filtrate because of the difficulty of drying trichloracetic filtrates before intro- 
duction to the windowless gas flow counter. 

(ii) Boiling was effected in a Gardell bath (1951). 

(iii) Resorcinol chromogenesis was effected at 100° C in the same Gardell bath. At this tem- 
perature there is 11% less colour formation than at 75-79° C, but with standard and blanks at 
100° C there is no loss in accuracy and considerable gain in convenience, flexibility and time. 

(iv) There is a linear relation between optical density of the colour produced and sugar con- 
centration. For each series of glucose determinations with benzidine two glucose standards were 
set up together with two fructose standards which yielded benzidine values (very small) for 
fructose. Similarly, with resorcinol there were two glucose standards in addition to the fructose 
" standards. This enables one to allow with accuracy for the other hexose when determining one of 
them. 

(v) The reagents were: benzidine 3% (w/v) in glacial acetic acid; resorcinol 0-15 % (w/v) in 
95 % ethyl alcohol mixed immediately before use with an equal volume of ferric chloride 0-75 %, 
(w/v) in concentrated hydrochloric acid. 

(vi) The final methods were: (a) for glucose; to 1 ml. of protein-free filtrate add 1 ml. of 3% 
benzidine in glacial acetic acid; boil for 10 min and cool in bath of ice and water; read in Beckmann 
Spectrophotometer (Model B) at 400 my; in addition use two water blanks and two standards 
of 10 and 25 mg % respectively both of glucose and of fructose. (b) For fructose; to 1 ml. of 
protein-free filtrate add 3 ml. of resorcinol-ferric chloride mixture; boil for 20 min and then 
estimate as for glucose, reading at 480 my. Increased accuracy was obtained by keeping reagents 
and protein-free filtrates in ice-water till mixed and transferring immediately to bath at 
100° C, 

Radioactivity determinations. Of the alcohol filtrates, 1-0 ml. aliquots were dried in metal cups 
at room temperature with a final drying under an infra-red lamp. The sample cups were then 
introduced into a windowless gas flow Geiger detector; the disintegrations per minute were 
recorded by means of a conventional scaler. The number of counts, N, was such that the error, 
(N)/N, had values considerably less than 0-04 for all but the background counts and the samples 
with the lowest activities. No sample was counted for more than 15 min. It is assumed that the 
MC activity originated from the particular hexose injected; no attempt was made to soparate 


RESULTS 


No fundamental difference was detected between the monkey and the 
woman in regard to the passage of sugars from the mother to the foetus. 
Therefore experiments upon both species will be described collectively, 
differentiation being based upon functional experimental variations rather 
than upon the morphological differences or characteristics. The total number 
of primates operated upon was twenty, eleven women and nine monkeys. 
Of these, sixteen yielded results of value. 

The experiments to be described fall into three groups: (i) Experimental 
hyperglycaemia in the mother. (ii) Experimental fructosaemia in the mother. 
(ili) Saturation of the carrier system with inert glucose and determination of 
the effect upon passage of labelled sugars. 
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The resting maternal blood glucose concentrations in all these cases, both 
human and simian, are high, being greater than 150 mg/100 ml. and often 
greater than 200 mg/100 ml. This is attributed to the excitement engendered 
before anaesthesia and to the fact that local anaesthetics containing adrenaline 
will not diminish but may even intensify the maternal blood glucose 
concentration. 

Experimental hyperglycaemia in the mother 

In this group were four monkeys, M1, M2, M3 and M4 and three women, 
two at full term, W9 and W10, and the third, W11, who required a thera- 
peutic abortion, at the third month (foetal age 84 days). In W9 and W11 the 
glucose was infused intravenously before the uterus was opened and, in 
M1, 9-4 g of glucose was infused over a period of 10 min after the head was 
delivered and the first foetal sample taken from the superior longitudinal 
sinus. In the four remaining cases (M2, M3, M4 and W11) glucose was 
administered by quick intravenous injection. The effects of maternal hyper- 
glycaemia are best shown by monkeys M2 (Fig. 1) in which 25 ml. of 25% 
glucose was injected into the saphenous vein, M4 (Fig. 2) which had 25 ml. of 
25% glucose and by patient W9 who received an infusion of 10% glucose at 
rates shown in Fig. 3. 

The protocol of M2 is given in full since it illustrates the general procedure 
(Table 1). Monkey M2 was the first case in which the cystoscope was used. 
The time from the first injection of Pentothal to the catheterization of the 
interplacental artery branch of the umbilical artery was 1 hr 49 min. Technical 
difficulties in this first experiment were overcome in later experiments and 
the time cut down to 45 min. The sugar curves obtained are shown in Fig. 1. 

Fig. 2 shows an experiment upon monkey M4 similar to that of Fig. 1, but 
in which the fall in the foetal blood glucose from the peak height is slower and 
that in the maternal blood is faster. In consequence, the maternal glucose 
concentration becomes less than the foetal glucose values as the glucose 
injected into the maternal blood is rapidly distributed throughout the extra- 
cellular space. 

Patient W 11 required hysterotomy and therapeutic abortion for psychiatric 
reasons. The foetal age was computed clinically as 84 days. The infusion of 
the patient with glucose solution (50 g/100 ml.) was begun at 2.13 p.m. and 
completed at 2.33 p.m., 25 g glucose having been given intravenously. The 
foetus and placenta were removed intact at 2.33 p.m. and the maternal blood 
sample taken at the same time. The foetal blood sample was taken immediately 
after from the foetal heart. The maternal blood contained 258 mg/100 ml. of 
glucose and no fructose. The foetal blood contained 192 mg/100 ml. of glucose 
and 6-0 mg/100 ml. of fructose. It would appear therefore that at the third 
month of intra-uterine life the human foetus and placenta behave similarly to 
the full-term foetus and placenta in their response to maternal hyperglycaemia. 
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Fig. 1. Monkey M2. Foetal age 156 days. ‘Pentothal’ anaesthesia. Maternal and foetal blood 
glucose and fructose concentrations. Effect of intravenous injection of mother with 6-25 g 
of glucose (25 ml. of 25 g/100 ml.). x---— x, Maternal glucose; x x, maternal fructose; 
@---@, foetal glucose; @——@, foetal fructose. 


Fig. 2. Monkey M4. Foetal age 143 days. ‘Pentothal’ anaesthesia. Maternal and foetal blood 
glucose and fructose concentrations. Effect of intravenous injection of mother with 6-25 g 
of glucose (25 ml. of 25 g/100 ml.). x--—- x, Maternal glucose; x x, maternal fructose; 
@---@, foetal glucose; @——-@, foetal fructose. 
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Fig. 3. Patient W9. Caesarean section at term. Local anaesthesia, ‘Xylocaine’ and adrenaline. 
Maternal, foetal and post-section umbilical vein blood sugars. Effect of maternal infusion 
with 10% glucose solution at rates indicated in lower third of the figure. x—-—- x , Maternal 
glucose; x x, maternal fructose; @---—@, foetal glucose; @——@, foetal fructose; 
@-—-@, infant glucose; @——@, infant fructose, --~—A, post-section umbilical vein or 
placental glucose; ——— A, post-section umbilical vein or placental fructose. 
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Tasie | 
Monkey M2, Weight 6300 g, foetal age 156 days. 
After experiment: foetal weight 390 g; placental weight 113 g. Anaesthetic: intravenous thio- 
pentone (‘Pentothal’, Abbott Laboratories) 125 mg/ml. concentration. 


Time 
9.34 ml. Pentothal’ 
9.36 ythene catheter inserted right saphenous vein 
9.41 Maternal blood | ml. taken from left saphenous vein — 


10.31 Fourteen injections of ‘Pentothal’, total vol. 8-0 ml. in 48 min =0-16 ml./min. 


9.43) Cannula inserted in maternal left carotid artery. Abdomen opened. Uterus 
10.32 examined and tal site located 
10.33 Maternal blood | ml. taken from left carotid artery 


10.36| ‘Three injections of ‘Pentothal’, total vol. 1-25 ml. 


10.48 Purse-string suture in uterus over amnion 


10.49 Cystoscope inserted 
10.50] ‘Phree injections of ‘Pentothal’, total vol. 1-5 ml. 


11.17{  Lecation of interplacental artery with cystoscope and its exposure 
11.18 Maternal blood 1 ml. taken from carotid 
11.23 Catheter inserted in in tal artery 
11.23) Maternal blood samples (0-5 ml.) at 11.38; 11.52. Foetal blood samples (0-5 ml.) 
11.54 at 11.41; 11.52. *Pentothal’ at 11.38; 11.54, 0-5 ml. each 


iret 25 ml. 25% glucose in saline. Mean time 11.56 


11.58} Maternal blood samples at 12.01; 12.30; 13.00; 14.00; and 15.00. Foetal blood 

15.00 samples at 12.03; 12.31; 13.00; 14.00 and 15.00. Thirteen injections of 
*Pentothal’, total vol. 6-0 ml. 

15.01 Monkey killed by air embolism 


Experimental fructosaemia in the mother 

The experiments in this group were the first to be performed. Observations 
were confined to eight human patients, no fructosaemia being produced in the 
monkey. The number was large for two reasons: first because several new 
procedures and team techniques were being utilized and a smal) number of 
cases was investigated before the techniques were considered adequate; and 
secondly because the number of cases suitable for Caesarean section having 
a placenta on the posterior wall of the uterus was less than expected. Of the 
patients W1 to W8, in whom maternal fructosaemia was produced, W6 and 
W8 are selected since they were two patients in which the best technique was 
achieved. Figs. 4 and 5 illustrate the findings in these two cases. 

In Fig. 4 the maternal fructose was raised to an average concentration of 
about 90 mg/100 ml. When the umbilical cord was exposed it was possible to 
take four foetal blood samples during a period of 11 min. These showed that 
in the 39 min of maternal infusion the foetal blood had acquired a fructose 
concentration of about 15 mg/100 ml. The blood of the infant 35 min after 
severance of the umbilical cord contained 30 mg/100 ml. of fructose. This 
extra 15 mg of course could not have been obtained by placental passage and 
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at the moment our knowledge of foetal carbohydrate metabolism does not 
enable us to do more than record the finding. It is of interest that in this 
period, after cutting the cord, the infant blood shows rising values of both 
fructose and glucose concentration. When the fructose infusion was ended 
the mother no longer played any part in the experiment. The theatre staff now 
replaced fructose by glucose in the maternal infusion in accordance with the 
routine therapeutic procedure after Caesarean section. The maternal blood 
glucose rose and simultaneously the maternal blood fructose fell. 
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Fig. 4. Patient W6. Caesarean section at 38th week. Local anaesthetic, ‘Xylocaine’ and 
adrenaline. Maternal, foetal and infant blood sugar concentrations. Effect of maternal 
infusion with 10% fructose solution at rates indicated in lower part of the figure. x---~, 
Maternal glucose; x x, maternal fructose; @---@, foetal glucose; @——®, foetal 
fructose; --— infant glucose; ——@, infant fructose. 


Fig. 5. Patient W 8. Caesarean section at term. Local anaesthesia, ‘ Xylocaine’ and adrenaline. 
Maternal, foetal, infant and post-section umbilical vein (placental) blood sugar concentrations. 
Effect of maternal infusion with 10% fructose solution. x---—x, Maternal glucose; 
x, maternal fructose; foetal glucose; @——@, foetal fructose; 
infant glucose; ™@——@, infant fructose; A---—A, placental glucose; A—— A, placental 
fructose. 


In the case of patient W 8 (Fig. 5), it was possible to infuse the mother with 
fructose over a period of 55 min, during which time two samples of foetal 
blood were obtained with fructose concentrations (22 and 37 mg/100 ml.), 
both outside the range of fructose found normally or even after glucose 
infusion of the mother. It was possible in this case to determine the concen- 
trations of the two sugars both in the blood of the infant and in the stationary 
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blood in an umbilical vein deep within the placenta. It is of interest that the 
fructose concentration steadily fell to normal values in the infant but kept at 
foetal level in the placental blood. On the other hand, the maternal blood 
glucose was 178 mg/100 ml. initially and rose to values fluctuating round 
300 mg/100 ml. with a drop at the opening of the uterus. In this case the 
infusion of fructose to the mother was continued after the cord was cut and 
the infant removed. The maternal fructose in consequence was maintained 
high and the maternal glucose showed a high value of 325 mg/100 ml. 
Presumably the high maternal glucose results from the conversion in the 
maternal liver of fructose to glucose by way of fructose-6-phosphate and 
glucose-6-phosphate. 

In contrast with these changes in the mother, the blood fructose of the 
infant fell after the cord was cut while the blood glucose rose from a foetal 
value of 165 mg/100 ml. to a high value of 262 mg/100 ml. We think that the 
maternal glucose resulting indirectly from the infused fructose caused in the 
foetus not only a rise of blood glucose but also an active storage of glycogen: 
and that after the cord was cut and the supply of maternal glucose cut off, 
the glycogen formed from the glucose, and possibly from the fructose, passed 
back into the blood as glucose. 

In the placenta stationary blood steadily increases in glucose concentration 
with fructose concentration falling. The source of this glucose must be the 
continuing active transport of glucose by the still living placental cells. There 
is no suggestion that any of this glucose is converted to fructose, which is in 
striking contrast with what has been observed in the ungulate. 

It would appear therefore that fructose given to the mother passes through 
the placenta to the foetus. It has not been practicable experimentally to test 
the existence of the reverse transfer. It appears also that glucose in the 
mother can form glucose in the placenta, and the continuation of this transfer 
in the placenta after placental removal suggests a continuation of the process 
of active transport. The accumulation of glucose in the placenta suggests also 
that in it fructose is not formed from this glucose in any appreciable amounts. 


Experiments with radioactive sugars 

It is clear from these experiments that the placenta of the primate does 
not to any appreciable degree convert glucose to fructose. It was of interest 
within the limitation of the primate material to test two questions: (1) does 
glucose given to the infant appear in the mother and if so does it pass from 
a region of low to a region of high concentration as might be expected with 
carriers maintaining a state of disequilibrium; (2) is the fructose passage from 
mother to foetus dependent or not upon the glucose transport system of the 
placenta? For both purposes radioactive sugars labelled biologically with “C 
were used and the experiments were therefore confined to the monkey. 
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The passage of glucose from foetus to mother. Inthe two monkeys, M6 and M9, 
an experimental maternal hyperglycaemia was established which was thought 
to be adequate to saturate the placental carrier system for glucose. Radio- 
active glucose was injected into the blood stream of each foetus before the 
hyperglycaemia and again while it was present. It was hoped that by com- 
paring the rates of rise of radioactivity in the maternal blood following two 
similar injections of “C-glucose to the foetus it would be possible to say if the 
saturation of the glucose transport mechanism influenced the transfer of 
glucose from foetus to mother. 

In the experiment with M6, the first injection of “O-glucose into the foetus 
was made when the maternal glucose was 145 mg/100 ml. and the second when 
it had been raised to approximately 300 mg/100 ml. by the intravenous in- 
fusion of glucose to the mother for 46 min. The infusion resulted also in a rise 
in foetal blood glucose from 158 to 230 mg/100 ml. The radioactive glucose 
used for each injection was 35uc in 0-5 ml., a quantity inadequate to cause 
a rise in blood glucose concentration measurable by ordinary chemical means. 

The value obtained for radioactivity of foetal blood before the first injection 
was not above background and after the injection a single value of 17,000 
counts/min was obtained. The activity of the maternal blood was raised from 
zero (background) to about 760 counts/min in 15 sec. The radioactivity of the 
foetal blood before the second injection had fallen to approximately 2000 
counts/min, but after the injection a single value of 15,200 counts/min was 
obtained. The activity of the maternal blood rose from about 400 counts/min 
to 3500 counts/min in about 40 sec. The rate of rise of radioactivity of maternal 
blood in the first instance is about 3000 counts/min/min and in the second, 
4500 counts/min/min. It should be emphasized that the values of 17,000 and 
15,200 counts/min obtained in the foetal blood after the injection being single 
figures cannot be regarded as strictly comparable. They do not represent 


' completely the rapid changes in the radioactivity of the foetal blood. This 


point will be further considered in the discussion. 

This experiment with M6 was repeated with monkey M9 with the difference 
that the two injections of “C-glucose, while still of equal quantity were con- 
siderably reduced (4-5 uc in 2-5 ml.) and an attempt was made to saturate the 
glucose carrier system by giving the mother a single intravenous injection of 
glucose, 5-9 g in 200 ml. (1-0 g/kg body weight) in place of continuous infusion. 
The maternal blood glucose was raised by this single injection from 124 to 
526 mg/100 ml. after 7 min: the peak concentration, immediately after in- 
jection, must have been considerably higher. The foetal blood glucose rose 
from 136 to 388 mg/100 ml. in 13 min. 

The maternal blood counts before and 3-5 min after the first injection were 
zero to 71 counts/min in a period of 5 min. The foetal counts before and 4 min 
after the second injection were 160 and 2800 counts/min respectively, while 
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the maternal count rose by 45 counts/min in 1-5 min. The rate of rise of 
radioactivity of the maternal blood before the hyperglycaemia was, therefore, 
14 counts/min/min and during the hyperglycaemia 30 counts/min/min. 
Sugars in the amniotic fluid. The fresh amniotic fluid in M1, M3 and M4 was 
analysed and glucose found in concentrations of 54, 68 and 103 mg/100 ml. 
respectively. No fructose was found in M1 and M4 but 9 mg/100 ml. was 
found in M3. At the end of the experiment with M9, in which radioactive 
glucose had been twice injected into the foetal blood, the amniotic fluid was 
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Fig. 6. Monkey M7. Foetal age 153 days. ‘Pentothal’ anaesthesia. Maternal and foetal blood 
sugar concentrations. Effect of glucose infusion to the mother between C and D between two 
maternal injections of 4-2yc of “C-fructose at A and B. x--—- x, Maternal glucose; 
x x, maternal fructose; @--—-@, foetal glucose; @——-@, foetal fructose. 


Fig. 7. Monkey M7. Counts/min in blood filtrates of mother and foetus following two injections 
of 4-2 we of “C-fructose to the mother, one before (at A) and one after (at B) maternal infusion 
with "C-glucose between C and D. @--—-—@, Maternal counts/min; ©-- -—- -—@, foetal 
counts/min. 


radioactive to the extent of 58 counts/min, at which stage the maternal blood 
had 232 mg/100 ml. of glucose with 136 counts/min and the foetal blood had 
292 mg/100 ml. of glucose with 1044 counts/min: but at this stage, despite these 
high blood glucose concentrations, the amniotic fluid had only 38 mg/100 ml. 

The passage of fructose from mother to foetus. Radioactive fructose was in this 
instance injected into the maternal blood of monkey M7 before and after 
attempting to saturate the glucose carrier system, mother to foetus, with 
glucose. The rate of rise of the “C-fructose counts in the foetal blood was 
determined. The findings are seen in Figs. 6 and 7. ‘ 
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DISCUSSION 


It would appear that these primates differ from the sheep in that in them there 
is little or no fructose formation. From available data the fructose of the 
foetal primate may be said to range from zero to 5 mg/100 ml. On only four 
occasions in all this series of experiments with primates did the concentration 
of fructose in the foetal blood exceed 10 mg/100 ml. and in no instance did it 
exceed 20 mg/100 ml. in the absence of experimental maternal fructosaemia. 
The magnitudes of these four isolated values lie well outside the range of 
experimental error and they have no apparent experimental or biological 
cause. The bloods with high concentrations were not examined chromato- 
graphically or by any means other than by the routine analysis described and 
they stand as unsupported evidence that fructose may appear transiently in 
primate foetal blood in moderate quantity for reasons unknown. In the 
ungulate and whale there is a marked difference: fructose is always present 
in quantity in the foetuses of these animals and is accompanied by glucose 
always in lesser concentration. 

It is clear that, as in the sheep, when glucose is injected or infused into the 
mother there follows a rise in foetal blood glucose, and equilibrium is not 
attained (Figs. 1-3). With the possible exception of monkey M9, in no case 
was a second sample of amniotic fluid taken after producing a maternal 
hyperglycaemia. It was, therefore, not possible to ascertain if the glucose of 
the amniotic fluid was related to or derived from the maternal or foetal blood 
glucose. These results throw no light on the source of the amniotic fluid, 
whether foetal or maternal. It might be either or both. 

The evidence that fructose infused into the maternal blood passes into the 
foetus is shown in Figs. 4 and 5, and is supported unequivocally by other 
experiments in this series. In this respect the woman appears to be similar 
to the sheep. The passage of fructose from mother to foetus was not tested in 
the monkey, but it is reasonable to suppose that the monkey resembles the 
human in this respect. 

The legitimacy of accepting the blood taken after birth from the umbilical 
vein deep in the placenta as identical with foetal blood is open to question. 
This procedure was adopted in the case of patient W8. The procedure was 
first used by Boyd & Wilson (1935) when examining the exchange of lipids 
in the human umbilical circulation at birth. They inferred that there was 
active cellular transport by the placenta. The comparison we have made 
between the placental and infant bloods, in the instance of patient W8, 
suggests that the placenta in the half hour after birth and while still warm is 
in some degree at least exercising a prenatal function and maintaining 2 
secretion of the previously injected fructose and apparently forming some 
glucose. The foetus, on the other hand, is not forming fructose: its blood 
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fructose falls while the placental blood fructose is maintained. Put briefly, 
therefore, our findings support the view of Boyd & Wilson that the placenta 
actively transmits nutrients. 

The experiments upon monkeys M6 and M9 were designed to see if, as in 
the sheep, the glucose transfer system can be heavily loaded with glucose in 
the direction mother to foetus and yet readily transfer tagged glucose mole- 
cules back to the mother against the concentration gradient. It is well known 
that the rate of distribution of glucose from the blood stream to other parts 
of the extracellular fluid is very rapid during the first few minutes after it has 
been added to the blood stream and as, in these experiments, neither the 
foetal blood volume nor the extracellular space available to the sugar is known, 
it is not possible from the very few measurements that could be made to get 
a reliable estimate of the radioactivity of the foetal blood to compare with the 
rise of radioactivity of the maternal blood. The quantity of radioactive sugar 
added to the foetal blood is, however, so small that it seems justifiable to 
assume that it causes no appreciable disturbance of osmotic relations and 
leaves the foetal blood volume and the volume of the extracellular fluid un- 
affected. A second injection of “C-glucose made when the radioactivity of the 
foetal blood is again at a low value can reasonably be assumed to cause the 
same rise in the radioactivity of this blood as did the first: and in considering 
the results of these experiments, in absence of any other disturbance of blood 
volume or distribution of sugar, comparison need be made only of the rates 
of rise of radioactivity in the maternal blood. There is, however, a source of 
change in blood volume, both of the foetus and of the mother, which has to 
be borne in mind, namely the effect of infusion in the one instance and injection 
in the other of a hypertonic glucose solution to the mother before the second 
injection of “C-glucose to the foetus. Although it is difficult to assess the 
effect of this administration of glucose to the mother, the values obtained for 
the radioactivity of the maternal blood strongly suggest that the transfer of 
glucose from foetus to mother is unimpaired by the large transfer in the opposite 
direction, and it is difficult to see how an increase in blood volume of mother, 
of foetus or of both, as a result of the infusion or injection of hypertonic glucose 
solution, could do other than support this conclusion. ; 

The rationale of the experiment on monkey M7 by which it was hoped to 
determine if glucose and fructose are transported by the same carrier system 
is this: it is argued that, if the carrier mechanism is saturated in the direction 
mother to foetus as the result of a maternal hyperglycaemia, the movement 
of 4C-fructose in the same direction may be affected if a common mechanism 
is involved. The figures for the radioactivity of the maternal and foetal bloods 
in this experiment (Fig. 7) do no more than suggest a slower rate of transfer 
of the radioactive fructose during the maternal hyperglycaemia: and this one 
experiment, which unfortunately could not be repeated, cannot be accepted 
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as adequate proof of a common mechanism. It is probable, however, that the 
carrier of glucose is essential and common to the transfer of both sugars. In 
other words, glucose and fructose are probably competitive for transfer when 
the concentration of one or both is high. 


SUMMARY 


1. Techniques are described for studying the passage of hexoses across the 
placenta (i) in women during Caesarean section, and (ii) in the Macaca monkey 
at term or earlier,.and for longer periods than are permitted during human 
Caesarean section. 

2.. A method is described for the determination of glucose in the presence 
of fructose, based upon the method of Jones & Pridham (1954), in which colour 
formation with benzidine is used. 

3. The primate differs from the sheep in that the placenta appears not to 
form fructose from glucose when foetal hyperglycaemia is produced, and the 
normal primate foetal blood hexose appears to be glucose without fructose. 

4. Glucose appears to pass freely across the primate placenta in both 
directions. 

5. Fructose goes freely from the mother to the foetus when injected into the 
maternal circulation. 

_ 6. The experiments suggest that the kinetics of transfer of sugars advanced 
by Widdas (1952) for the sheep placenta may also hold for the primate and 
that the transfer system can carry glucose in both directions. 

7. Some part of the glucose carrier system seems able to transmit fructose 
from the mother to the foetus and there is a suggestion that an excess of 
glucose can impede the flow of fructose. 

8. Radioactive glucose given to the foetus appears in the maternal blood 
with ease, but in the amniotic fluid only in small quantities and there is no 
evidence as to the route by which it arrives. 
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Since the beginning of this century it has been recognized that closure of the 
ductus arteriosus at birth occurs in two stages, a rapid constriction of the 
vessel which is later followed by gradual anatomical obliteration of its lumen 
over a period of weeks (Gérard, 1900a, b; Wells, 1908). Recently it has been 
shown that, in the newborn lamb, the constriction which normally occurs 
within 5-20 min of birth does not at once lead to complete obliteration of the 
lumen. Blood continues to flow through the constricted lumen at high velocity, 
and this flow gives rise to the characteristic murmur and thrill over the 
junction of ductus arteriosus and pulmonary trunk (Dawes, Mott & Widdi- 
combe, 1955a, 6). The appearance of this murmur in unanaesthetized, spon- 
taneously breathing lambs is therefore a useful indication of constriction of 
the ductus arteriosus. In anaesthetized lambs in which the chest has been 
opened, changes in the external diameter of the ductus arteriosus may be 
measured directly under a variety of experimental conditions. The appearance 
of the murmur and direct measurement of the ductus have been used in this 
paper to test the various conflicting theories of the mechanism whereby the 
ductus constricts shortly after birth: a preliminary account of the observations 
has already been published (Born, Dawes, Mott & Rennick, 1955). 


METHODS 


Ewes of the Clun-Hampshire cross-breed were mostly used, together with a few Kerry Hill, 


Suffolk and Welsh sheep. The gestation age was estimated from tupping dates and was checked 
by radiography, which showed the number as well as the approximate size of the foetuses, before 
anaesthesia. 


The ewe was placed on a large operating table, the top of which sloped towards a gutter at one 
side, to catch the amniotic and allantoic fluids. General anaesthesia was induced by intrajugular 
injection of sodium pentobarbitone, and was maintained by a slow drip of a dilute solution into 
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a cannula tied into the left external jugular vein (10-20 mg/kg/hr). The ewe's trachea was cannu- 
lated and her blood pressure was recorded from a carotid artery with a mercury manometer. She 
was laid on her right side, and the uterus was approached through a mid-line incision orientated 
so as to avoid the large superficial abdominal veins when possible. The foetus was delivered by 
Caesarean section and laid on a small heated table which was attached to the main operating 
table, with its surface 10 cm above the latter; the abdomen of the ewe was closely pressed against 
the lateral border of the small table, and a metal apron prevented the abdominal viscera from 
spilling out. In this way the position of the foetus was readily adjusted so that it was no longer in 
direct contact with the mother, and hence undisturbed by her respiratory movements; yet there 
was no tension on the umbilical cord, which was covered with gauze soaked in warm saline. The 
top of the foetal table was slotted to hold metal uprights, which were used to support manometers. 
On delivery the head of the lamb was often covered with a rubber bag filled with warm saline in 
order to prevent inhalation of air. The trachea was then cannulated as soon as possible, using a 
glass cannula filled with saline and with obstructed outlets. 

Blood pressure was recorded from the femoral or carotid arteries by mercury or condenser 
manometers. The condenser manometers were attached by a short length of polythene tubing; 
the overall natural frequency of the manometer, gauge head and tubing normally exceeded 150 c/s. 
Pulmonary pressure was recorded by direct puncture of the pulmonary trunk with a short wide- 
bore needle attached to a condenser manometer, giving an overall frequency response of up to 
250 c/s. The pulses recorded from condenser manometers were displayed on oscilloscopes and 
photographed; the mean pressures were displayed on meters and plotted at 4 min intervals. The 
heart rate was either calculated from the oscilloscope record or it was displayed on a kymograph. 
For this purpose the voltage change recorded by a condenser manometer with each pulse wave was 
amplified and used to operate an impulse counter (Thorp, 1948). The pressure in the left atrium 
was recorded with a saline manometer containing heparin to prevent clotting. 

Blood samples were withdrawn for the analysis of 0, and CO, content and O, capacity from a 
catheter in the left carotid artery in most experiments. In some lambs the brachiocephalic artery 
was tied, and then samples were taken elsewhere, usually from a femoral artery. The samples were 
mixed with a trace of heparin (Boots Pure Drug Co.) and sodium fluoride in 1 ml. syringes, and 
stored in ice-cold water in vacuum flasks. Most of them were analysed by a modification of the 
Barcroft-Haldane method for use with Warburg manometers (Born, Dawes & Mott, 1955), but 
a few were analysed for O, content by the method of Roughton & Scholander (1943). The pH was 
measured either by a glass electrode and pH meter (Electronic Instruments Co. Ltd., 23 A) or by 
a phenol red colorimetric method (Hawkins, 1923) and the poo, was calculated from the Henderson- 
Hasselbalch equation. Varying concentrations of O,, N, and CO, were mixed after passage 
through calibrated rotameters and delivered to the ewe or the lamb. The lamb was ventilated by 
positive pressure from a Starling Ideal pump, at a rate of about 24 c/min, and the intratracheal 
pressure was recorded by a critically damped mercury manometer. 

In order to measure the external diameter of the ductus arteriosus the chest was opened on the 
left side and two or three ribs were removed. The left upper lobe of the lung was retracted down- 
ward, and in some experiments the pericardium overlying the vessel was removed. The external 
diameter of the ductus was measured with a pair of calipers. Murmurs were detected in the great 
vessels by applying a conventional stethoscope with a small head. They were recorded on paper by 
an Elmquist phonocardiograph, which has a linear response up to 600 c/s. 

Bilateral thoracic sympathectomy was performed aftcr a mid-line incision and splitting the 
sternum, The upper five or six ganglia were removed on either side. In other experiments the 
brain and spinal cord were destroyed. The chest was first opened on the left side and the brachio- 
cephalic artery tied. The lamb was then turned on its right side, in such a way that the umbilical 
cord was not at any time occluded, and the neck was twisted to allow the operator access to the 
back. The muscles and bone were removed from the upper part of the spinal cord, which was 
divided at C 1-2, and a blunt rod was then inserted to destroy first the brain and then the spinal 
cord. There was little haemorrhage and that was readily controlled by inserting plasticine and 
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cork plugs. The edges of the wound were drawn together and the lamb was laid on its back once 
more. 

In some lambs the blood pressure was stabilized in the following way. Heparin was administered, 
and either the brachiocephalic or a femoral artery was attached by a wide-bore tube to a reservoir 
which contained about 250 ml. of dextran solution (Glaxo) or of heparinized maternal blood. This 
reservoir was kept under a constant pressure, slightly in excess of the normal foetal blood pressure, 
by connexion to a 101. flask containing air under pressure. In other lambs both systemic and 
pulmonary arterial blood pressures were stabilized. The chest was opened in the mid-line to give 
access to a large branch of the right pulmonary artery, which was also connected to the stabilizer. 
Thus the pressures in the pulmonary and systemic circulation were kept equal, even when the 
ductus arteriosus constricted. 

Cross-perfusion with the lungs of a twin lamb. The object of this preparation was to replace the 
placenta by the lungs of a twin lamb. The first lamb (A) to be delivered was used for some other 
purpose, at the end of which its lungs were ventilated with O, and the umbilical cord was tied and 
cut. It was then moved to the far end of the operating table and the second lamb (B) was delivered. 
A cannula filled with saline was tied into the trachea of lamb B. The chest was opened to the left 
of the mid-line and three or four ribs were removed. A short length of the descending aorta below 
ite junction with the ductus was prepared and ligatures were placed around it. The left brachial 
artery was also prepared. The abdomen was opened to the left of the umbilicus, and a length of 
inferior vena cava was freed from the surrounding tissue, below the entry of the left renal vein. 
Attention was then turned once more to lamb A, which was heparinized and bled out. Artificial 
ventilation was temporarily stopped. The front part of the thoracic cage was removed as rapidly 
as possible, and cannulae were tied into the pulmonary trunk and left atrium. The ductus 
arteriosus, descending aorta, brachiocephalic artery, superior and inferior venae cavae were tied 
to prevent loss of blood from the pulmonary circulation of lamb A into the systemic circulation. 
The lungs of lamb A were then washed out with dextran solution. Lamb B was heparinized and 
its left brachial artery was joined, through a Starling resistance, to the pulmonary trunk of 
lamb A, Finally the left atrium of lamb A was joined through a bubble-trap to the inferior vena 
cava of lamb B, and inflation of the lungs of lamb A was begun again. 

At this point, then, the lungs of lamb A were introduced in parallel with the placental circula- 
tion of lamb B (Fig. 1), flow through which was not so far interrupted. The descending aorta was 
now tied below the entry of the ductus and the blood pressure rose because of the increase of 
systemic arterial resistance. Even so, not enough blood passed from lamb B through the lungs of 
lamb A to increase the arterial O, saturation sufficiently, because of the resistance to blood flow 
offered by the small left brachial artery. The descending aorta of lamb B was therefore cannulated, 
and the tube connecting lamb B to the pulmonary trunk of lamb A rapidly moved from the left 
brachial artery to the descending aorta (Fig. 1). The blood pressure now fell to the level determined 
by the Starling resistance, which was set at the normal foetal pressure. This completed the prepara- 
tion, during the course of which the arterial pressure did not fall unduly, and the lamb was not 
asphyxiated. Since the lungs of lamb A were washed out, little foreign blood was introduced into 
lamb B, The communicating tubes were all filled with warm dextran solution before connexion 
was made. The exposure of the left side of the chest of lamb B also provided adequate room in 
which to measure the external diameter of the ductus directly. The immediate neighbourhood of 
the vessel was not disturbed during the preparation. It will be noted that tying the descending 
aorta interrupts blood flow through the lower part of the body, including the liver and other 
abdominal viscera. 

The isolated heart-ductus arteriosus—artificial lung preparation. This preparation was devised 
to isolate the living heart and great vessels from the rest of the body. A foetal lamb was delivered 
by Caesarean section as usual, and its trachea tied off. The chest was opened widely down the 
mid-line. The branches of the vight pulmonary artery, pulmonary veins and bronchi were ligated 
and the whole of the right lung was removed piecemeal. The left pulmonary artery was tied where 
it passed through the pericardium. The descending aorta was explored and its branches immedi- 
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ately below the junction with the ductus were tied. A short length of the brachiocephalic artery 
and superior vena cava were then prepared and ligatures placed in position. 

The lamb was heparinized and the brachiocephalic artery joined through a Starling resistance 
to an artificial lung, the outflow of which was connected to the superior vena cava. The pressure 
of the Starling resistance was set just above the normal foetal blood pressure. All connecting 
tubes were filled with warm dextran solution. The descending aorta was then tied below its junction 
with the ductus arteriosus and the consequent rise in pressure started blood ing through 
the artificial lung at the moment when blood flow to the placenta was stopped (Fig. 2). The inferior 
vena cava was tied in one lamb; in the remainder it was left intact. Blood samples were withdrawn 
from the brachiocephalic artery for O, analysis. 


L. brachial 
‘ \ 1 Starling 
resistance 
Artificial 
Starling 


$.V.C. | 


Fig. 1. Fig. 2. 

Fig. 1. Diagram of cross-perfusion preparation in which the placenta of a foetal lamb B is 
replaced by the lungs of a twin lamb A. The left brachial artery of B is first joined (1), 
through e Starling resistance, to the pulmonary trunk of A; the left atrium of A is joined to 
the lower abdominal inferior vena cava of B. The descending aorta of B is then tied and 
cannulated at leisure, and is finally (2) joined to the Starling resistance and pulmonary trunk 
of A, in place of the left brachial artery. 


Fig. 2. Diagram of heart—ductus arteriosus—artificial lung preparation. The right lung is removed 
and the left pulmonary artery tied. The brachiocephalic artery is joined through a Starling 
resistance to the artificial lung, whence blood is returned to the superior vena cava (8.V.C.). 
The descending aorta is then tied. 


The artificial lung was constructed so as to offer a surface area of 350 cm? for gaseous exchange 
to the circulating blood. It was based upon the design used by Melrose (1953) and consisted of 
twenty Perspex plates, separated by spacing rings and bolted together to form a cylinder. This 
cylinder was rotated at about 1 rev/sec by a velodyne motor (Willlams & Uttley, 1946) so that the 
blood covered the upper surface of every plate and fell through the cylinder in a series of cascades. 
The apparatus was tilted at an angle of about 15° to the horizontal, and was held 35 cm above the 
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the cylinder, and there was sufficient room beneath the latter for a collecting funnel. A stream of 
O, or N, was passed through the cylinder at a rate of 1-21/min. Heat loss from the apparatus 
was rapid, so that by the end of an experiment the temperature of the circulating blood had fallen 
to less than 30° C. In one experiment, therefore, the blood was returned to the heart through a 
glass coil around which warm water was circulated. This artificial lung worked well for its limited 
purpose, and fairly rapid changes in arterial O, saturation were obtained (Fig. 8). 

Lambs breathing spontaneously. Lambs which were to breathe spontaneously were delivered 
under local anaesthesia as described previously (Dawes ef al. 1955a). They were prevented from 
breathing on delivery by pulling a saline-filled rubber bag over the head. A carotid catheter was 
inserted for withdrawal of blood samples. Blood pressure and heart rate were measured by a 
condenser manometer attached to a catheter in a carotid or femoral artery. 

In some experiments tidal air was measured by the method described by Widdicombe (1954) 
after cannulating the trachea, and intrapleural pressure was recorded by a condenser manometer, 
from a catheter in the pleural cavity. The necessary operative procedures were all performed under 
local anaesthesia, and without causing the lamb any distress. The rubber bag was then removed 
from the lamb’s head (if the trachea was not already cannulated), the umbilical cord tied and 
severed, and the lamb then began to breathe. 

The effect of OO, tension on the O, saturation of blood from foetal and newborn lambs. 
blood obtained from foetal and newborn lambs was stored overnight in the refrigerator at 24° C. 
4 ml. samples were equilibrated with CO, and O, by standard tonometric procedures. The 
calculated gas tensions at which the degree of saturation with O, was determined were, for O,, 
20 and 30 mm Hg, and for CO,, 35, 50 and 65 mm Hg. The actual tensions of the gases with which 
each blood sample was equilibrated were determined with the gas analysis apparatus of Haldane. 
The O, saturation of the blood was measured by the method described by Born, Dawes & Mott 
(1955), in triplicate. 

RESULTS 
Constriction of the ductus arteriosus in response to O, 

Neonatal lambs: constriction of the ductus on ventilation of the lungs. In 
mature foetal lambs the ductus arteriosus, when fully dilated, is some 
8-10 mm in external diameter and 15-20 mm long; it has, therefore, almost 
the same diameter as the pulmonary trunk and aortic arch. Indeed, when the 
chest is opened down the mid-line the aortic arch is almost entirely concealed 
from view by the ductus, which lies anterior to it. It is covered by peri- 
cardium, across which run the left phrenic and vagus nerves. In our first 
experiments the pericardium was cut and retracted, and the nerves were dis- 
placed laterally, in order to facilitate measurement of the external diameter of 
the ductus. While this procedure did not cause any noticeable change in 
diameter there was a tendency for small haemorrhages to occur after a time 
in the outer coat of the ductus, followed by oedema in the surrounding tissue 
which made it impossible to define the margins of the vessel. These haemor- 
rhages were caused by the cut edges of the pericardium rubbing against the 
vessel, and were difficult to avoid because of the large size of the vessel and 
its rapid movements. The ductus, if the pericardium over it was kept intact, 
remained in good condition for many hours and repeated estimates of its 
external diameter by the same observer did not vary by more than 0-3-0-4 mm. 

The diameter often varied considerably along the vessel; measurements were 
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therefore taken at the same point, usually between the middle and the aortic 
end. 
In order to measure the external diameter of the ductus arteriosus directly, 
the left side of the chest must be opened, and this might in itself have caused 
some alteration in size. However, we think this is improbable. Provided the 
arterial O, saturation and the level of anaesthesia were kept constant, the 
diameter of the ductus did not alter significantly for a period of an hour or 
more after exposure. In some lambs very considerable operative procedures 
were undertaken, involving dissection of the thoracic descending aorta, 
ligature of the left pulmonary and brachiocephalic arteries, or bilateral 
thoracic sympathectomy and vagotomy, without any alteration of the ductus 
diameter. 

When the lungs were adequately ventilated, so that the systemic arterial 
Q, saturation rose to 90°% or more, the ductus arteriosus constricted until its 
external diameter was reduced to about 5 mm. The process of constriction 
was slow; it usually occupied 5 min or more and was accompanied by con- 
siderable shortening of the vessel. After a quarter of an hour, because of this 
shortening, the angle between the ductus and the aorta became more acute, 
and the vessel gradually adopted the position seen in 1- to 2-day-old lambs. 
The alteration in the appearance of the ductus during constriction was 
dramatic. When fully dilated it occupied the whole of the space between the 
pulmonary trunk and left pulmonary artery on the one hand, and the arch of 
the aorta on the other hand; when it had become constricted and shortened, 
a gap appeared so that the aortic arch was readily visible. Thus, although the 
absolute change in the external diameter of the ductus was not great, the 
alteration in its appearance was so obvious that there was never any doubt 
about its constriction. 

Certain other observations also have helped in many experiments to re- 
inforce this conclusion. Thus the appearance of a murmur and thrill in the 
pulmonary trunk at its junction with the ductus was good evidence that blood 
was flowing at high velocity through a constricted ductus from the aorta 
to the pulmonary arteries. Similarly, the development of a large pressure 
difference between the aorta and pulmonary trunk was indicative of partial 
constriction of the ductus. These points are illustrated in Fig. 3. 

Neonatal lambs : inflation with O, and N, and destruction of the central nervous 
system. In a previous paper we observed that the ductus arteriosus constricted 
on ventilation with O, in six newborn lambs ranging from 109 to 139 days 
gestation age (term 147 days), but that it dilated again when the systemic 
arterial O, saturation was reduced by replacing the O, with air (Born, Dawes 
& Mott, 1955). The stroke of the respiration pump was not altered during these 
manoeuvres. This observation, which has been repeated many times since 
(Fig. 7), suggested that constriction of the ductus resulted from an increase 
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in the arterial O, tension, rather than from mere inflation of the lungs. This 
conclusion has been reinforced by the observation in three mature lambs that 
inflation of the lungs with nitrogen for 12~14 min, with the placental circula- 
tion intact, did not cause the ductus to constrict. Similarly, in other lambs, if 
inflation of the lungs was begun with air, and the pump stroke was adjusted 
so that the arterial O, saturation did not change from the foetal level for up 
to 30 min, the ductus did not constrict. It constricted, however, when the air 
was replaced by O,, which caused a rise in the arterial O, saturation. 
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Fig. 3. Lamb 429 B, 136 days gestation age, under barbiturate anaesthesia. Spinal cord and brain 
destroyed. Ventilation causes an increase of arterial O, saturation, constriction of the ductus 
arteriosus, wide separation of pulmonary and femoral arterial pressures, and the development 
of a murmur and thrill at the pulmonary end of the ductus. Condenser manometer records 
(inset) show the consequent rapid vibrations on the lower pulmonary record only. 


It was still not clear whether the increased O, tension was acting directly 
upon the ductus or through the central nervous system. However, the same 
phenomenon was observed in lambs after bilateral sympathectomy and 
vagotomy, and also in five lambs in which the brachiocephalic artery was tied 
and the brain and spinal cord were destroyed. In three of the latter, inflation 
of the lungs was adjusted so that the arterial O, saturation rose rapidly, and 
the ductus constricted within a few minutes of beginning ventilation (Fig. 3). 
The other two lambs were underventilated for 40 min or more after the 
umbilical cord was tied; the ductus did not constrict until the stroke of the 
respiration pump was increased and 100% O, was administered. Under these 
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conditions, then, closure is independent of the integrity of the central nervous 
system or of any structure supplied by the brachiocephalic artery (that is, the 
upper part of the body, since the left subclavian artery is derived from the 
brachiocephalic in sheep). 

Foetal lambs: effect of increase in arterial O, saturation. If an increase in 
arterial O, saturation causes constriction of the ductus arteriosus in newborn 
lambs, it might also be expected to have the same effect under foetal condi- 
tions. The only simple way in which to increase the foetal arterial O, satura- 
tion without gross operative interference is to administer 100% O, to the ewe. 
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Fig. 4. The data in the graph were obtained from ten lambs of 131-141 days gestation age. The 
O, saturation has been plotted against the external diameter of the ductus arteriosus in 
the foetal condition and after ventilation with different N,:O, mixtures. The points on the 
right-hand side of the graph record the maximum 0, saturations observed in eleven foetal 
lambs of similar gestation age during ventilation of their mothers with 100% O,. 


However, this only raised the foetal carotid O, saturation above 80% in four 
out of eleven lambs of similar age and weight (right-hand part of Fig. 4). The 
arterial O, saturation required to cause constriction is high. Thus in only five 
out of eighteen lambs ventilated with air or O,, in which the ductus shrank in 
external diamet@ to 5-5 mm or less, was the carotid arterial O, saturation less 
than 90%, and in each of these five it exceeded 80%. The left-hand part of 
Fig. 4 shows the relation between carotid O, saturation and ductus diameter in 
ten of these lambs, which were of comparable weight and of gestation age 
131-141 days. One cannot therefore expect dramatic changes in the diameter 
of the ductus on giving 100% 0, to the ewe. Nevertheless, in four out of six 
lambs the administration of 100% O, to the ewe did cause a small but signifi- 
cant decrease in ductus diameter associated with the rise in carotid O, satura- 
tion. The clearest example of this is shown in Fig. 5. A rise in carotid O, 
saturation to 69° was associated with a decrease in the external diameter of 
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the ductus from 9-9 to 7-2 mm. There was no change in blood pressure or heart 
rate such as might have been expected if this had been associated with release 
of sympathetic amines, which subsequent experiments have shown. to cause 
constriction of the ductus (see below). When the same lamb was later ventilated 
with air the carotid O, saturation rose to 94%, and the ductus then constricted 
still further to 5-4 mm. If the ductus is constricted in the foetal condition, by 
drawing a tape around it, a systolic murmur appears at the aortic end of the 
ductus, and this murmur radiates in the direction of flow, down the aorta. In 
only one of these four lambs did such a murmur appear, when the carotid 
arterial O, saturation had been raised from 63 to 81°%, and the diameter of 
the ductus had fallen from 9-0 to 7-8 mm. The murmur soft and could 
only be heard by applying the stethoscope bell directly to the vessel wall; 


Ewe ventilated with 
Air | Oxygen | Air Oxygen 
29 60. 69 55 43 67 72 Foetal carotid 


0 20 40 60 min 
Fig. 5. Lamb 520A, 139 days gestation, under barbiturate anaesthesia; foetal condition with 


intact umbilical cord and placenta. Ventilation of the ewe with 100% 0, raised the foetal — 


carotid O, saturation and caused constriction of the ductus arteriosus. 


there was no thrill. These experiments demonstrate two points: first, that it is 
possible to cause a small change in ductus diameter by altering the arterial O, 
saturation in the foetal condition; and secondly, that it is unlikely that under 
normal circumstances in the foetus the ductus will constrict to a significant 
degree as a result of high arterial O, tension. 

Next it seemed desirable to determine whether a still larger increase in 
arterial O, saturation would cause even more constriction of the ductus 
arteriosus, while the circulation was still substantially in the foetal condition, 
at least in so far as the direction of blood flow through the ductus was from 
pulmonary trunk to aorta. Since the placenta was clearly inadequate as an 
organ of gaseous exchange for this particular purpose, it was replaced with 
the lungs of another lamb. Twin lambs were used, and in the completed 
preparation blood flowed from the thoracic descending aorta (below its 
junction with the ductus) of one lamb through the isolated lungs of the second 
lamb (which were ventilated with 100% O,), and back from the left atrium 
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into the abdominal inferior vena cava of the first lamb (Fig. 1). In three such 
preparations the systemic arterial 0, saturation rose considerably—in the 
experiment illustrated in Fig. 6 to 92%, and in another experiment to 95%. 
In each experiment the ductus constricted to less than 5-5 mm diameter and 
a murmur appeared over the ductus and radiated down the aorta, These 
changes were reversed when the lungs were inflated with nitrogen. Thus it is 
possible to produce a considerable constriction of the ductus while the circula- 
tion through the heart and the great vessels is substantially in the foetal 
condition, provided that the arterial O, saturation is raised sufficiently. 


L. brachial art. of A+pulmonary art. of B 
L. atrium of Bi.v.c. of A 
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Fig. 6. Lambs 574 A and B, 134 days gestation, under barbiturate anaesthesia. Cross-perfusion 
preparation in which the placenta of lamb B was replaced by the lungs of lamb A (see Fig. 1). 
A rise in carotid O, saturation caused constriction of the ductus arteriosus and the develop- 
ment of a loud murmur over the vessel. 


Arterial blood pressure and placental flow. The pulmonary and systemic 
blood pressures normally fall when a mature foetal lamb is well ventilated 
because of the increase in pulmonary vascular conductance. Fig. 7 shows that 
constriction of the ductus as a result of ventilation occurs even when the fall 
of systemic arterial pressure is prevented by means of a stabilizer attached to 
a femoral artery. Five such experiments were performed in all, and in two of 
them the pulmonary arterial pressure was also stabilized; the ductus still 
became constricted when the arterial O, saturation rose on ventilation. 

It was evident from the experiments in foetal and newborn lambs that the 
ductus could become constricted whether or not the placental circulation was 
intact. In seven lambs the umbilical cord had been left untied when ventila- 
tion was begun, and the ductus became constricted in the usual manner. 


= 
o& 
33 
“we F 
° 
at 8 
¢ 
q 


314 G. V. R. BORN AND OTHERS 


Fig. 3 illustrates this point; in this lamb a large placental flow continued, as 
shown by the rise of systemic blood pressure due to the increase in peripheral! 
resistance when the cord was tied. In another lamb placental flow was 
measured directly by a flowmeter’in the abdominal umbilical vein, and the 
systemic arterial pressure was maintained by a pressure stabilizer attached to 
a femoral artery. On ventilation, the carotid O, saturation rose to 102%, the 
ductus became constricted and a murmur appeared in the pulmonary trunk; 
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Fig. 7. Lamb 512 B, 139 days gestation age, under barbiturate anaesthesia. The average level of 
the blood pressure was slightly raised by the adjustment of a stabilizer attached to the 
femoral artery. Ventilation caused a rise in carotid O, saturation, a small reduction in 
umbilical blood flow and constriction of the ductus although the blood pressure did not fall. 


during this period placental blood flow fell by more than 30% (Fig. 7). It may 
therefore be that a rise in arterial O, saturation can also cause constriction of 
placental blood vessels. While this hypothesis clearly needs more thorough 
investigation, it would be consistent with the observation that inflation of the 
lungs and the subsequent rise in arterial O, saturation is often associated with 
a diminution in the external diameter of the umbilical arteries, irrespective of 
changes in blood pressure. 

Isolated heart—ductus arteriosus preparation. The experiments described above 
made it probable that the increase in arterial O, saturation on ventilation of 
the lungs acted directly on the ductus to cause it to become constricted. Such 
constriction had been observed in the absence of the central nervous system, 
the upper part of the body, and the placenta. It had also proved possible to 
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bring about constriction of the ductus by raising the arterial O, saturation 
without inflating the lamb’s own lungs. However, it might be argued that 
a metabolite was formed in another organ, the lungs for instance, which was 
carried by the blood stream to the ductus. In order to test this hypothesis a 
heart—ductus arteriosus—artificial lung preparation was used. 

When completed, the preparation included only the heart, the great vessels, 
and an artificial lung which presented a large surface area for gaseous exchange 
between the blood and the external atmosphere. The advantage of retaining the 
heart was that it served to pump the blood through the artificial lung and it 
was then possible to complete the preparation without any substantial change 
in blood pressure, and without interrupting the flow of blood through the great 
vessels. In all four such preparations the ductus became constricted when the 
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Fig. 8. Lamb 517A, 141 days gestation age, under barbiturate anaesthesia. Heart—ductus 
arteriosus-artificial lung preparation (see Fig. 2). Ventilation of the artificial lung with 
oxygen causes a rise in arterial O, saturation, 
&@ murmur over the vessel. 


arterial Me saturation was raised by exposing the blood to an atmosphere of 
100% O, (Fig. 8). Also a murmur was heard over the constricted ductus 
rediakinle along the aorta. When the arterial O, saturation was reduced by 
exposing the blood to an atmosphere of nitrogen, the ductus dilated and the 
murmur disappeared. This excluded the possibility that constriction was caused 
by some substance which was formed as a result of the trauma involved in the 
preparation or in the passage of blood through the artificial lung. Though the 
heart has not yet been excluded, these experiments reinforce the conclusion 
that O, causes the ductus to become constricted by a direct action. 


_ Constriction of the ductus arteriosus in response to asphyxia 
Observations on newly delivered lambs breathing spontaneously. If the ductus 
arteriosus becomes constricted at birth only as a result of the rise in arterial O, 
tension, then the murmur which is heard over the ductus in newborn lambs 
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should not appear until the lamb is well oxygenated. We had previously 
observed that the murmur usually appeared within 5-15 min after tying the 
umbilical cord (Dawes et al. 1955a) and also that the rate of rise of arterial O, 
saturation was often slow (Dawes et al. 19556). In twelve lambs delivered under 
local anaesthesia, a catheter was inserted into a carotid artery, also under local 
anaesthesia. Blood samples were withdrawn at varying intervals after tying 
the umbilical cord, as shown in Fig. 9. Table 1 records the O, saturation of 
those samples which were obtained before and after the appearance of a 


100 


10 20 30 40 50 
Minutes after tying umbilical cord 
Fig. 9. Lamb 455, 141 days gestation age, delivered under local anaesthesia. The umbilical cord 
was tied at zero time and the lamb began to breathe. A murmur was first heard over the 
ductus arteriosus at the end of 10 min, when the carotid O, saturation was still within the 
normal foetal range. 


TaBLe 1. The O, saturation of carotid blood at the time of appearance of the ductus arteriosus 
murmur in mature lambs delivered under local anaesthesia and breathing spontaneously 


Carotid O, saturation 


Before appearance After appearance 
of murmur of murmur 

Gestation age min from min from 

Lamb no. Breed (days) % tying cord % tying cord 
516A H 139 42 18 43 23 
_ B26B H 143 52 6 49 57 
319 H 143 43 13 57 27 
350 Ww 142 61 44 61 6 
317 H 145 24 8 66 63 
355 Ww 141 59 9} 71 ll 
559A K 14] 45 8 71 12 
318 H 146 40 7 74 39 
357 W 141 68 8 77 ll 
340 W 139 64 -4 36 9 
356 Ww 14] 99 ll 96 16 
358 Ww 100 4} 100 6 


H, Hampshire; W, Welsh; K, Kerry Hill. 
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murmur. Since the presence of a murmur is good evidence of constriction, it 
was concluded that the ductus became constricted while the O, content of the 
systemic arterial blood was surprisingly low, in nine lambs less than 80% and 
in two less than 50%. The carotid O, saturation in mature foetal lambs 
normally ranges from 40% to more than 70% (Dawes, Mott & Widdicombe, 
1954). It therefore appeared that some factor other than oxygen was causing 
the ductus to become constricted in asphyxia. 

A few more physiological observations on newborn spontaneously breathing 
lambs must now be described. In some newborn lambs the O, saturation of 
the arterial blood rises smoothly when breathing begins on tying the cord, 
without any period of asphyxia (Barcroft, 1938; Barcroft, Barron, Kramer & 
Millikan, 1938; Dawes et al. 19556). In others breathing begins with difficulty 
and there are periods of cardiac irregularity. In both groups the blood pressure 


Umbilical cord Clear murmur 
tied heard 


Fig. 10. Lamb 405A, 143 days gestation age, delivered under local anaesthesia. Mean arterial 
pressure was measured by a condenser manometer from a catheter in a femoral artery (local 
anaesthesia). The letters a-g indicate the times at which the records shown in Fig. 11 were 
taken. 


rises. The course of this rise in blood pressure is particularly interesting in 
those lambs which are partly asphyxiated. Observations have been made on 
_ five such lambs, in three of which intrapleural pressure and tidal air were also 
measured. Fig. 10 shows the changes in mean blood pressure, recorded at half- 
minute intervals, and indicates the points at which the records shown in Fig. 11 
were taken. In Fig. 11a it can be seen that tying the umbilical cord caused 
a small primary rise of blood pressure due to the increase of peripheral 
vascular resistance. Respiratory movements did not yet begin, the heart 
slowed, and then, more than half a minute after tying the cord, a secondary 
rise of blood pressure was observed. Eventually, after two ineffectual gasps, 
the lamb took a deep breath, and 4-5 sec later the blood pressure rose even 
higher and the heart rate increased considerably (Fig. 116). After one further 
breath the blood pressure began to fall and the heart slowed until another pair 
of large respiratory efforts caused the same response as before (Fig. 11). This 
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cycle of events was repeated again and again over the next few minutes until 
gradually the intervals between breaths decreased, and although breathing 001 
was still periodic, the fluctuations in blood pressure and heart rate gradually pe 
became smaller (Fig. 11f, g). Both blood pressure and heart rate were now be 
higher than they were before the cord was tied, and a clear murmur was heard wk 
over the ductus arteriosus. in 
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Fig. 11. As Fig. 10, Condenser manometer records of femoral arterial pressure and of intrapleura! the 
pressure (from a catheter in the intrapleural space under local anaesthesia). Tidal air was : 
measured from a tracheal cannula, inserted under local anaesthesia. Time marks 5 sec, = 
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It seems probable that the secondary rise of blood pressure after tying the 
cord was due to asphyxia, which caused liberation of sympathetic amines and — 
peripheral vasoconstriction. Thereafter the heart slowed as the asphyxia 
became more severe. The subsequent rises of blood pressure and heart rate 
when an effective breath was taken can be attributed to a transient increase 
in the O, content of the arterial blood. Barcroft (1938, pp. 56-64) also con- 
sidered the possibility that respiratory movements may have increased venous 
return under like circumstances. 

There are a few other points which deserve attention in Fig. 11. Inspiratory 
efforts caused very large changes in intrapleural pressure, which was reduced 
during gasps to as low as — 50 mm Hg on occasion in mature lambs. It can also 
be seen that these strong inspiratory efforts are accompanied by a small fall 
in blood pressure, which may have been due to reduced cardiac output. The 
effectiveness of respiratory efforts was dependent not only on the size of the 
fall in intrapleural pressure, but also on its duration. Thus in Fig. 11d and e 
a number of inspirations can be observed. Only those which are maintained 
for half a second or more lead to the intake of any substantial volume of tidal 
air, and hence are followed by a rise in blood pressure and heart rate. 

The effect of underventilation in newly delivered anaesthetized lambs. The 
experiments described above showed that in newborn lambs which were 
breathing spontaneously, and which were not under general anaesthesia, both 
blood pressure and heart rate were raised and a murmur appeared in spite of 
a relatively low arterial O, saturation. In previous experiments on lambs 
under general anaesthesia we had always been concerned to ensure effective 
positive pressure ventilation with a pump. These lambs were never asphyxiated 
and pulmonary vascular conductance was much increased by thorough and 
rapid expansion of the lungs, so that the pulmonary and systemic arterial 
pressures fell atonce. Both fell because the ductus arteriosus was still open. 
The ductus arteriosus became constricted only when the arterial O, saturation 
rose considerably. In the next series of experiments, therefore, lambs under 
general anaesthesia were deliberately underventilated after tying the umbilical 
cord, in order to see whether the ductus arteriosus would become constricted 
during partial asphyxia. In assessing the degree of ventilation to which the 
lamb should be subjected we were guided by the level of the arterial blood 
pressure and also by inspection of the colour of the blood in the carotid 
arterial catheter. Samples were withdrawn for analysis at less frequent 
intervals. With practice it was found possible to regulate the degree of 
asphyxia satisfactorily. The cord was tied and ventilation was not begun for 
1-2 min thereafter, by which time the arterial blood was dark in colour and 
the lamb had begun to make respiratory efforts. Then the respiration pump 
was started and the pump stroke raised at once to about 30 ml., giving a peak 
intratracheal pressure of 20-25 mm Hg, which gradually declined as the 
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distensibility of the lungs increased over the next few minutes. The pump stroke 
was then gradually increased in steps of 5-10 ml. at a time at varying intervals. 
so that the carotid O, saturation rose slowly over a period of many minutes. 
This procedure is illustrated in Fig. 12, which shows that, at the time the ductus 
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Fig. 12. Lamb 536A, >135 days gestation age, under barbiturate anaesthesia. The umbilical 
cord was tied and the lamb underventilated; the ductus became constricted at a low carotid 
O, saturation. Ventilation was then gradually increased, the carotid O, saturation rose to 
rather less than the foetal value and the ductus dilated. Ventilation with oxygen caused 
a further rise in carotid O, saturation and constriction of the ductus. A murmur was not 
heard over the ductus until pulmonary ventilation was still further increased, when a large 
pressure difference developed between aorta and pulmonary trunk. 


had become constricted to less than 5-5 mm external diameter 13 min after 
tying the cord, the arterial O, saturation had only risen to 26%. Observations 
of this type have been made on a total of twelve lambs, in all of which during 
underventilation the ductus became constricted to varying degrees. The 
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was reduced from 9-0 to 7-1 mm, 27 min after tying the umbilical cord. 
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relevant results are assembled in Table 2, in order of ascending carotid O, 
saturation at which the greatest constriction was observed. In five lambs a 
large reduction in the external diameter of the ductus was seen at an arterial 
0, saturation of less than 30%. Insome lambs (e.g. 527 A, 583.A, 513.A) it was 
clear that the vessel was not wholly constricted, since subsequent ventilation 
with O, caused a considerable further reduction in external diameter when the 
carotid O,% saturation increased sufficiently. In other lambs the degree of 
constriction approximated closely to that attained when the lamb was venti- 
lated with oxygen (Table 2 and Fig. 12). 


TaBLE 2. Effect of underventilation, after tying the umbilical cord, on the diameter 
of the ductus arteriosus of lambs delivered by Caesarean section 


After tying umbilical cord and After subsequent ventila- 
Foetal underventilation with air tion with 100% 0, 
Initial Minimum Minimum 
ductus ductus id O, ductus Carotid O, 
diameter Min from saturation saturation 
Lamb no. (mm) (mm) tying cord (%) (mm) (%) 
522A 9-4 5-7 8 9 
533A 8-8 4-9 24 13 
527A 8-3 6-4 22 14 5-1 96 
583A 9-0 71 37 18 5-0 87 
536A 76 5-2 13 26 4-9 88 
536 B 8-0 5-0 10 32 4-9 91 
441A 8-5 5:8 18 46 5-4 92 
516B 8-0 5-6 30 55 
513A of" 7-0 36 55 6-0 85 
430A 6-0 8 57 5-5 94 
568 9-2 4-6 20 62 4-4 85 
501 10-0 5-7 50 70 5-4 89 


Breed, Hampshire or Kerry Hill. Gestation age, 132-141 days. Anaesthetic, pentobarbitone. 
Chest open to measure ductus diameter directly; positive pressure ventilation. 


In lambs which were well ventilated with air or O,, and in which the ductus 
became constricted at the same time as the rise in arterial O, saturation, a loud 
murmur was always heard at the junction of pulmonary trunk and ductus, 
and a thrill was often present. By contrast, in underventilated lambs, in 
which the ductus became constricted during asphyxia, a murmur was not 
always heard over the ductus, and when heard it was sometimes of a wholly 
different character. In four of the lambs in Table 2 a murmur was not heard 
when the ductus constricted; lamb 536A (Fig. 12) was one of these. In four of 
the remainder a faint murmur was heard on one occasion only at the pulmonary 
end of the ductus, and in a further two lambs there was a clear or loud 
murmur at the same place. A thrill in the pulmonary trunk was felt in one 
lamb only. Finally, in lamb 583A a clear systolic murmur was heard at the 
aortic end of the ductus, radiating down the aorta, when the ductus diameter 
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The inference was drawn that in these underventilated lambs the pulmonary 
arterial pressure did not fall so much as in well-ventilated lambs, and simul- 
taneous measurements of pulmonary arterial and aortic pressure confirmed 
this hypothesis. Fig. 12 shows such an experiment, in which pulmonary 
arterial and aortic pressures did not differ by more than some 5-6 mm Hg, 
even though the ductus arteriosus became constricted during asphyxia 13 min 
after tying the cord, dilated again as the arterial O, saturation gradually rose, 
and once more became constricted when the O, saturation was increased to 
88 % by ventilation with 100% O,. There was a small rise of left atrial pressure 
on ventilation. No murmur was heard during this period at either end of the 
ductus arteriosus. Only when the lungs were still further expanded, by raising 
the pump stroke from 65 to 100 ml., did the pulmonary arterial pressure fall 
considerably (although the external diameter of the ductus was unchanged) 
and a loud murmur appear at the pulmonary end of the ductus. Incidentally, 
this Fig. 12 also shows that on every occasion on which the pump stroke was 
increased, there was an immediate small fall of pulmonary arterial pressure, 
usually accompanied by a simultaneous fall in aortic pressure. In five other 
lambs which were underventilated after tying the umbilical cord, the pul- 
monary arterial pressure was measured and found to be very high. In lamb 
527A (Fig. 13) the ductus had become partly constricted in response to 
asphyxia and then dilated again. At the beginning of the graph the pump 
stroke was raised from 40 to 60 ml. and then ventilation with O, was begun in 
place of air. Pulmonary arterial pressure was still considerably higher than 
aortic, and when the arterial O, saturation rose and the ductus again became 
constricted, a soft murmur appeared at the aortic end of the ductus. The pump 
stroke was now raised to 100 ml., pulmonary arterial pressure fell, the murmur 
disappeared and a stronger murmur appeared at the pulmonary end of the 
ductus. When a murmur has been heard at the aortic end of the ductus it has 
usually been difficult to hear, and invariably much softer than that normally 
heard at the pulmonary end. The obvious explanation is that the pressure 
difference between the two ends of the vessel is usually far less when blood 
flows from pulmonary trunk to aorta, than when it flows in the reverse direc- 
tion after full inflation of the lungs. 

Fig. 13 illustrates another point. It can be seen that administration of O, to 
the foetus caused a fall in pulmonary arterial pressure, and return to air a rise. 
This had often been noticed in previous experiments, but as it was usually 
accompanied by a change in the diameter of the ductus arteriosus, which 
became constricted on administration of O,, it was not possible to say for 
certain whether the phenomenon was due to an alteration of the volume of 
blood flow through the ductus, or to a change in pulmonary vascular resistance 
or cardiac output. However, since the change in pulmonary arterial pressure 
always occurred rapidly, and the ductus reacted comparatively slowly, it 
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seemed probable that a change in the volume of blood flow through the vessel 
was not of crucial importance. In order to test this the ductus was tied in 
lamb 527A (Fig. 13). The pulmonary arterial pressure fell immediately and 
appeared to fall still further on exposure to 100% O, and to rise on return to 
ventilation with air. The implications of this observation need further 
examination. 
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Fig. 13. Lamb 527A, 189 days gestation age, under barbiturate anaesthesia. This lamb had been 
underventilated after tying the umbilical cord and the ductus had become constricted from 
8-5 to 6-4 mm at 14% O, saturation. Progressive small increases in ventilation now caused 
the ductus to dilate. Subsequent ventilation with 0, caused constriction, with the develop- 
ment of a murmur at the aortic end. An increase in respiration pump stroke, with further 
expansion of the lungs, caused a temporary disappearance of the murmur, which was next 
heard at the pulmonary end of the ductus. When the ductus was tied, ventilation with O 


caused a fall in pulmonary arterial pressure. 


Underventilation after the umbilical cord was tied was always associated 
with a large rise of blood pressure. The pressure rose in two stages as with 
lambs breathing spontaneously, and it was easy to see on kymograph records 
of the femoral arterial pressure (Fig. 14) the preliminary rise due to an increase 
of systemic vascular resistance when the cord was tied, followed by a slower and 
more prolonged rise due to progressive asphyxia. (The same change was seen 
in lamb 536A but the time scale of Fig. 12 is too small to show it.) The ductus 
also often became constricted while the pressure was still higher than under 
foetal conditions (Fig. 12), as in lambs which breathed ONS and 
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which were not under general anaesthesia (Figs. 10, 17). The heart rate was 
normally increased in the latter after a period of irregularity. In lambs which 
were deliberately underventilated the same cardiac irregularities were seen 
during severe asphyxia (Fig. 14), and thereafter the heart accelerated, though 
it did not necessarily exceed the initial foetal heart rate if this was unusually 
high. Thus the principal physiological changes observed in spontaneously 
breathing newborn lambs could be reproduced by underventilation of anaes- 
thetized lambs. The changes in blood pressure and heart rate would be con- 
sistent with liberation of sympathetic amines during asphyxia, and it therefore 
seemed desirable to find out whether these would cause constriction of the 
ductus. 


Fig. 14. Lamb 558A, 142 days gestation age, under barbiturate anaesthesia. The umbilical cord 
was tied at the signal mark and inadequate ventilation was begun. The blood pressure rose 
at once when the placenta was cut off, fell and then rose again higher during the consequent 
anoxaemia, 


Infusion of sympathetic amines into foetal lambs. Infusion of adrenaline 
(B.D.H.) or noradrenaline (Bayer) into four foetal lambs brought about con- 
striction of the ductus arteriosus. The doses used varied from 1-7 to 4-9 ug/kg/ 
min over 6-16 min. In a fifth lamb infusion of adrenaline 1-2ug/kg/min for 
5 min had no effect on the ductus. The larger doses which caused constriction 
of the ductus led to a considerable rise of blood pressure and to a small though 
not invariable reduction in carotid °%/ O, saturation (Fig. 15). There was no 
increase in the latter sufficient to account for the constriction. When the 
ductus became constricted a clear murmur was heard which radiated down the 
descending aorta. Fig. 16 shows a phonocardiograph record taken, during an 
infusion of noradrenaline, from the descending aorta just below the entry of 
the ductus. The murmur appeared towards the middle of systole, coinciding 
almost exactly with the arrival of the pulse wave in the aorta. It was some- 
times almost musical in character and disappeared just before the second heart 
sound. The mean aortic and pulmonary arterial pressures were not very 
different, but the pulmonary pulse wave preceded the aortic at the ductus, as 
has also been shown previously without an infusion of sympathetic amines 
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(Dawes et al. 1955a). The increased pressure difference across the ductus at 
this phase of the cardiac cycle would therefore account for the appearance of 
the murmur at mid-systole. 
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Fig. 15. Lamb 527 B, 139 days gestation age, barbiturate anaesthesia; foetal condition with intact 
umbilical cord and placenta. Infusion of adrenaline and noradrenaline into a femoral vein 
caused constriction of the ductus arteriosus and development of a soft systolic murmur (see 
Fig. 16) at its aortic end, with no great change in carotid % O, saturation. 


Fig. 16. Lamb 536B, 140 days gestation age, barbiturate anaesthesia; foetal condition, with 
intact umbilical cord and placenta, during noradrenaline infusion. Phonocardiograph record 
from aortic end of ductus arteriosus (above) and condenser manometer record of aortic 
pressure (below). A systolic murmur is present between the first and second heart sounds. 


Observations on carbon dioxide and pH 
Changes in CO, tension at birth. The CO, tension in the carotid arterial blood 
of seven mature foetal lambs ranged from 30 to 50 mm Hg (Table 3). Two of 
these lambs had been delivered under local anaesthesia, and they breathed 
spontaneously when the umbilical cord was tied. In both, the CO, tension rose 
and the pH fell. In one of these, lamb 516A, whose respiratory efforts were 
ineffective for some minutes, the CO, tension rose from 44mm Hg to a 
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maximum of 68 mm Hg (Fig. 17). This was a lamb of 139 days gestation age 
which barely survived and in which the murmur over the ductus arteriosus 
appeared at an exceptionally low arterial O, saturation. It thus provided some 
indication of the maximal increase in CO, tension which might be expected 
under asphyxial conditions after birth. In the other lamb which breathed 
spontaneously the CO, tension rose from 29 to 42 mm Hg. 


Tasxe 3. CO, tension in the carotid blood of foetal sheep 


Gestation age 
Lamb no. Breed Anaesthetic (days) (mm Hg) 
583 A K Pentobarbitone . 138 50-5 
533 A H Pentobarbitone 135 45-7 
527 H Pentobarbitone 139 40-4 
516A H Local 139 44-5 
516B H Pentobarbitone 139 39-1 
522 H Pentobarbitone 141 31-5 
559 A K Local 141 29-4 
K, Kerry Hill. H, Hampshire. 
‘Beats/min 
230 
190 
3 150 
110 
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Fig. 17. Lamb 516A, 139 days gestation age, delivered under local anaesthesia. Blood samples [ff 
were withdrawn from a catheter in the left carotid artery under local anaesthesia. When the 
umbilical cord was tied breathing started but was irregular for the first few minutes. A murmur 
was heard through the chest wall, over the ductus arteriosus, within 20 min of tying the cord 
and was still present some hours later. There was a rise of blood pressure and heart rate and 
a fall in blood pH during asphyxia. 
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Similar changes were observed in six lambs under general anaesthesia which 
were deliberately underventilated after the umbilical cord had been tied. The 
CO, tension rose during asphyxia and the pH fell (Fig. 12). As ventilation was 
gradually increased they returned towards the previous levels. These changes 
are so large that it was thought they might influence the ductus arteriosus. 
They might do this indirectly through the Bohr effect, the shift to the right of 
the O, dissociation curve with increased CO, tension, or directly. Some experi- 
ments to examine these possibilities were therefore performed. 


Foetus 543A Foetus 520A Newborn 511A- Non-preg 
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20 30 40 20 30 40 20 30 40 20 30 - 4 
O, partial pressure (mm Hg) 
Fig. 18. Sample records of the effect of changes in the CO, partial pressure on the 0, dissociation 
curves of blood from foetal and newborn lambs and an adult ewe. The partial pressures of 
CO, are recorded in mm Hg alongside each set of observations. 


The Bohr effect. The CO, tensions used in the tonometers were adjusted to 
approximately 35, 50 and 65 mm Hg in order to cover the range which was 
most likely to be found in practice. The 0, tensions were 20 or 30 mm Hg, 
which gave a saturation of 20-80°% in experiments with blood from sheep of 
different ages. Observations were carried out on blood from six foetal lambs, 
two newborn lambs and two adult ewes. Representative records are shown in 
Fig. 18. The progressive fall in the regression lines with increasing age is 
attributable to the well-known fact that the O, dissociation curve of foetal 
blood lies to the left of that for maternal blood (Barcroft, 1946). Raising the 
CO, tension by about 30 mm Hg decreased the O, saturation by 5-12% at 
a given QO, tension. In other words, in the middle range of the O, dissociation 
curve of the foetal or newborn lamb (20-40 mm rg O, tension), an increase of 
CO, tension of 30 mm Hg increased the O, tension (at equal O, saturations) by 
only about 5 mm Hg. This is not large enough to account for the appearance 
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of a cardiac murmur at low O, saturations after birth, if an increase in arteria] 
O, tension was the only cause of constriction of the ductus arteriosus. There 
was no indication from this small group of observations that the size of the 
Bohr effect differed with gestation age over the range of ages examined, 
although the proportion of foetal to adult haemoglobin must have differed 
considerably (Karvonen, 1949). 

CO, and the ductus arteriosus. While no experiments have yet been carried 
out in which the CO, tension has been varied independently of changes in the 
O, tension, a number of observations have been made which are relevant to 
any future consideration of the part played by CO, in the constriction of the 
ductus arteriosus. Thus when lambs were fully ventilated under positive 
pressure with O,, the CO, content of the blood fell as the O, saturation rose 
and the ductus became constricted. It seems unlikely that this reduction in 
CO, tension should have caused the plain muscle of the ductus to contract; 
nevertheless, a few experiments were done to test this possibility. Positive 
pressure ventilation of one lamb with 10% CO, and 90% O,, and of two 
lambs with 7% CO, and 93% O,, caused constriction of the ductus arteriosus 
within a few minutes, as the arterial O, saturation rose to 90% or above. 
Thus administration of CO, with O, did not in these experiments prevent 
constriction. 

In one further lamb, ventilation with 10° CO, and 90 % O, caused the ductus 
to become constricted from 10 mm external diameter to only 8-4 mm, even 
though the carotid O, saturation rose to 100%. Subsequent ventilation with 
air or 100%, O, for 35 min caused no further change in the ductus. The lamb 
was in excellent condition, and post-mortem examination revealed no 
abnormality of the heart or great vessels. A twin of this lamb was then 
delivered and the ductus became constricted normally, from 10-2 to 5-7 mm, 
on ventilation with air. There was no difference between specimens of the 
ductus from these two lambs, when examined histologically. We are at a 
loss to suggest why the ductus should not have become fully constricted in 
the first lamb, but only in this one out of some fifty lambs has it failed to 
do so. 

Returning to CO,, there is equally no positive evidence that it plays a part 
in the constriction of the ductus during asphyxia. Although Figs. 13 and 18 
show that severe asphyxia was associated with large rises in CO, tension, yet 
in one lamb the ductus was observed to become constricted slowly during a 
mild degree of asphyxia extending over some 30 min, with no significant change 
in CO, tension. While these scattered observations do not exclude the possi- 
bility that CO, may have a direct effect upon the ductus arteriosus, they do 
not suggest that it is of crucial importance. 
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Dilatation of the ductus arteriosus after previous constriction 

When the ductus had become constricted for a short while, a return to the 
conditions which obtained before constriction led to a rapid dilatation to 
approximately the initial diameter. This was true under foetal conditions 
whether the constriction was induced by a rise in the arterial O, saturation 
(Figs. 6, 7) or by infusion of adrenaline. It was also true after tying the cord 
and beginning adequate ventilation, provided that the period during which 
the constriction lasted was not too long. Thus, in the experiment illustrated 
in Fig. 9, the initial diameter of 9-5 mm was reduced on ventilation with O, to 
5-5 mm for about 7 min and increased to 10 mm on ventilation with air. During 
asphyxia, in the experiment recorded in Fig. 13, the ductus became con- 
stricted from 7-6 mm to less than 5-5 mm, and on return to an intermediate 
arterial O, saturation of 65-77 % dilated again to 6-5 mm. If the ductus was 
allowed to remain constricted for a longer period of time it did not dilate so 
readily. Thus in one lamb the maximum diameter was 9-9 mm, which was 
reduced rapidly on ventilation to 5-4 mm and an hour later was 4-8 mm; a 
period of moderate asphyxia, lasting 20 min, only caused a dilatation to 5-7 mm. 
The reaction of the ductus to moderate asphyxia was also examined in four 
lambs which had been born spontaneously and which were 5-10 hr old. These 
lambs were anaesthetized and the external diameter of the ductus was 
measured directly, as in the previous experiments. In two of these lambs a 
short period of asphyxia, 10-20 min, failed to cause any change in the ductus; 
in the other two, partial asphyxia for up to 1 hr. caused a small dilatation, from 
4-6 to 5-8 mm, and from 5-4 to 6-7 mm respectively. 

These observations suggest that during a few hours after birth some further 
change occurs in the ductus arteriosus which makes it no longer so sensitive 
to the changes in the O, tension of its environment. It seems possible that 
this may be related to the processes which eventually lead to total closure of 
the vessel and to the anatomical obliteration of its lumen. 


DISCUSSION 


Many hypotheses of the mechanism of closure of the ductus arteriosus have 
been proposed in the past, though few of them have been based on experiments 
on living animals. In the nineteenth century it was at first a matter of dispute 
as to whether obliteration occurred by ‘inflammation’ (sic) or intimal pro- 
liferation alone, or whether this was preceded by some mechanical process at 
birth. The idea that thrombosis was the immediate cause of closure was dis- 
proved by von Rauchfuss (1859) who found thrombi in the ductus of only 
four out of 1400 newborn infants on post-mortem examination. His observa- 
tions have been confirmed by many subsequent workers (Mulherin & Krafka, 
1936). Virchow (1856) suggested that the smooth muscle of the vessel wall 


| 


330 G. V. R. BORN AND OTHERS 


might contract sufficiently to block the lumen, and Schulze (1871) proposed 
that the ductus shut by mechanical means until obliteration by growth of the 
tissues was complete. Thoma (1883) also thought that constriction of the 
smooth muscle of the media preceded intimal proliferation. Finally, Gérard 
(1900a, 6) and Wells (1908) clearly distinguished two phases: primary func- 
tional closure of the vessel by some mechanical process within a few minutes of 
birth, followed by secondary anatomical obliteration of the lumen. Since that 
time the nature of this mechanical process has been the subject of abundant 
speculation, though Patten (1930) continued to hold the view that a gradual 
process of closure, dependent on changes resembling those of endarteritis 
obliterans, was responsible. 

Three principal mechanical hypotheses have been proposed. In the first 
hypothesis, which has been put forward in a number of different forms, it is 
suggested that the vessel is compressed or constricted by external forces. 
Walkhoff (1869) thought that the change in position of the ductus after birth 
led to kinking, interruption of blood flow and hence to coagulation of the blood. 
Schanz (1889) stated that the aortic end of the ductus was fixed, and that 
when breathing began the ductus was stretched by the pericardium and 
pulmonary arteries attached to its other end, leading to mechanical obliteration 
of the lumen. Stienon (1912) discussed dilatation of the aortic isthmus and 
turgescence of the left pulmonary artery as well as dislocation of the thoracic 
organs as possible factors in closure, and Melka (1926) concluded that the 
aorta and pulmonary artery compressed the ductus between them, since the 
ligamentum arteriosum was flattened from side to side. Some have thought 
that dilatation of the left bronchus (when breathing begins) compressed the 
ductus, or that tension on the recurrent laryngeal nerve was responsible, while 
other authors, such as Linzenmeier (1914), have included kinking as a principal 
cause of closure, but have added subsidiary factors. All these speculations 
were based on post-mortem material. It is undoubtedly true that the position 
and appearance of the ductus does alter after birth. Barcroft (1946) noted in 
the lamb that it shortened, and the angles of junction with the aorta and 
pulmonary trunk gradually became more obtuse. But nobody who has 
actually watched this process in the newborn living animal, in the guinea-pig 
(Kennedy & Clark, 1942), lamb or puppy with the chest opened, could believe 
that either kinking, traction or compression by external forces plays any part 
in the mechanism of closure. The vessel is too large to be kinked, and it visibly 
shortens as it becomes constricted. 

The second hypothesis was proposed by Strassmann (1894), who thought 
that the tongue of tissue at the acute angle formed by the junction of ductus 
and aorta (the crista reuniens of Barclay, Franklin & Prichard, 1944) could 
act as a valve. When breathing began, pressure rose in the left heart and fell 
in the right heart, the aorta pressed on the anterior wall of the ductus, and 
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mechanical closure resulted. Strassmann’s opinion has been supported by 
Roeder (1902), Kirstein (1910), Fromberg (1914) and by Hamilton, Woodbury 
& Woods (1937) in various species. This hypothesis has been vigorously 
attacked by a number of authors, on the grounds that the crista reuniens is 
too thick to act as a valve, and that the experiments which purported to show 
that blood cannot pass from the aorta through the ductus to the lungs were 
crude and carried out under unphysiological conditions (Haberda, 1886; 
Scharfe, 1900; Graper 1921; Swennson, 1939; Barclay et al. 1944). In the lamb 
the crista reuniens certainly does not act as a valve and blood readily passes 
from aorta to the lungs when the aortic pressure exceeds the pulmonary 
(Barclay, Barcroft, Barron & Franklin, 1939; Dawes, Mott, Widdicombe & 
Wyatt, 1953). The same is true in the rabbit and dog (Handler, unpublished), 
and in the human baby (Lind & Wegelius, 1954). 

The third hypothesis (Virchow, 1856) is that primary functional closure of 
the ductus arteriosus is effected by contraction of the longitudinal and circular 
muscle in the media of the vessel. As long ago as 1857 Langer (1857) recognized 
that the structure of the ductus was different from that of the pulmonary trunk 
and aorta. This view has received abundant confirmation, by Gérard (1900a, d), 
Schaeffer (1914), Griper (1921), von Hayek (1935), Swennson (1939), Kennedy 
& Clark (1941), Boyd (1941), Jager & Wollenman (1942), and Danesino, 
Reynolds & Rehman (1955). The ductus has a looser structure than that of the 
aorta or pulmonary vessels, has less elastic tissue and no external elastic 
lamina. The hypothesis has therefore a good anatomical basis, but it leaves the 
problem of the stimulus to contraction at birth unsolved. 


The nature of the effective stimulus to constriction of the ductus arteriosus 
in well-ventilated animals 

Barcroft, Kennedy & Mason (1938) and Kennedy & Clark (1941, 1942) 
described the first systematic experimental studies on the stimulus to con- 
striction of the ductus in foetal guinea-pigs. A wide variety of procedures was 
effective, including normal breathing, inflation of the lungs with a gas mixture 
containing oxygen, intravenous injection of oxygen, mechanical or electrical 
stimulation of the ductus, injection of adrenaline, haemorrhage, and stimula- 
tion of various nerves. From the evidence presented it is impossible to decide 
which stimuli, alone or in combination, were effective under normal physio- 
logical circumstances. Changes in blood pressure and arterial O, saturation 
were not recorded in these small foetuses, and although the vessel was observed 
directly through an opening in the chest wall, changes in diameter were not 
measured. There is one curious point about these experiments, that introduc- 
tion of bubbles of O, into the umbilical vein of the foetus was found to lead to 
constriction of the ductus, and this was attributed to a rise in arterial O, 
content. Many investigators have in the past attempted to raise the O, content 
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of circulating blood in this way, but have failed to produce a substantial 
increase because of the slow uptake of O, by the blood from the small surface 
area presented by circulating bubbles. Gas embolism is an obvious hazard. 
We have repeated these experiments in mature foetal guinea-pigs. They have 
sometimes led to constriction of the ductus, but this has always been accom- 
panied by visible gas embolism in various vessels, including the umbilical 
arteries, and by large changes in blood pressure and heart rate; the systemic 
arterial blood turned dark blue except in the immediate vicinity of the embolic 
bubbles. The interpretation of these observations is therefore a matter for 
speculation. Nevertheless, the other experiments reported by Kennedy & 
Clark suggested that arterial O, tension was one of the operative factors, and 
that it might be effective in the absence of the central nervous system. 

Record & McKeown (1953) observed that in human patients with persistent 
patency of the ductus arteriosus there was a much higher incidence of a history 
of foetal distress at birth than in the ordinary population. Alzamora et al. 
(1953) also concluded that persistent patency of the ductus might be more 
common in children born at high altitudes. Record & McKeown (1955a, b) 
therefore exposed guinea-pigs to a reduced O, content in the inspired air for 
24 hr after birth, and found at post-mortem examination that the diameter 
of the ductus arteriosus was wider than in control animals. 

The experiments reported in the present paper give direct support to the 
hypothesis that an increase in arterial O, saturation causes constriction of the 
ductus, and suggest that O, acts directly on the smooth muscle of the ductus, 
in a preparation in which it is isolated except for the heart and adjoining 
vessels. One of the curious features about this phenomenon is the fact that 
the ductus takes some 5-10 min to become constricted and to attain a new 
equilibrium. Most other smooth muscles react to stimuli much more rapidly. 
This slow response to a change in the environment may explain why Barron 
(1944) failed to observe constriction of the vessel on perfusing it with well- 
oxygenated blood. 

Barcroft (1946), writing of Kennedy & Clark’s work, said that ‘it is well 
known that the coronary vessels will relax in default of oxygen, but the con- 
ception of oxygen as a stimulus to unstriped muscle seems to constitute a 
challenge and demands further exploration’. Since then Ashton, Ward & 
Serpell (1953, 1954) and Ashton & Cook (1954) have demonstrated an analogous 
effect of oxygen in causing the retinal vessels of newborn kittens to constrict, 
indicating that excessive administration of oxygen to premature infants is 
a cause of retrolental fibroplasia. It is not clear whether oxygen acts directly 
upon the retinal vessels under these conditions, but it seems possible. There 
may be other vessels whose smooth muscle reacts to changes in O, tension 
under comparable conditions, such as the umbilical and cerebral arteries. The 
evidence for this is not conclusive. Lack of oxygen also usually causes a rapid 
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fall in the tone of excised surviving visceral muscle (Garry, 1928; Prasad, 1935; 
West, Hadden & Farah, 1951). There is therefore evidence from several 
different sources which suggests that the supply of oxygen to smooth muscle 
may be a critical factor in determining tone, under appropriate conditions. 


The effect of asphyxia on the ductus arteriosus 

Turning now to lambs which have been delivered under local anaesthesia, 
it is evident that many suffer from asphyxia after birth, and yet the ductus 
still becomes constricted within a short time. Similarly, in lambs under 
general anaesthesia which are deliberately underventilated after tying the 
umbilical cord, the ductus becomes constricted. This asphyxial constriction 
may explain a single observation made by Ardran, Dawes, Prichard, Reynolds 
& Wyatt (1952), in which the umbilical cord of a lamb was tied before ventila- 
tion of the lungs, and cineangiographic records showed no evidence of contrast 
medium passing through the ductus 64 sec later. Reynolds (1954a) also has 
reported that asphyxia causes constriction of the ductus under foetal condi- 
tions. This may be explained by the liberation of sympathetic amines, since 
both adrenaline and noradrenaline have been shown to cause constriction of 
the ductus when infused into the foetus. It has not yet been established that 
the concentration of these amines in the blood rises during asphyxiation of 
the newborn lamb, but in newborn lambs, which are normally subjected to 
some degree of asphyxia, the blood pressure and heart rate increase. The spleen 
also contracts (Taylor & Gotsev, 1938). Also, in one foetal lamb Reynolds 
(1954) found that the increase in heart rate on asphyxia, which persisted after 
removing both stellate ganglia and cutting the vagi, disappeared on bilateral 
adrenalectomy. 

The nerve supply of the ductus is not known with certainty. Takino & 
Watanabe (1937), Goormaghtigh & Pannier (1939) and Kennedy & Clark (1941) 
described nerve-endings in the ductus. Boyd (1941) described structures in 
close relationship to smooth muscle fibres which had the appearance of motor 
nerve-endings in various species, but their connexion with the autonomic 
nervous system was not established. Barron (1944) failed to find nerve fibres 
‘penetrating to the muscle layer or terminating in motor type endings’ in 
sheep foetuses. Nevertheless, it is possible that stimulation of, say, a sympa- 
thetic nerve supply to the ductus might likewise cause constriction. So far, no 
such effect has been demonstrated. Kennedy & Clark (1942) stimulated various 
nerves in the foetal guinea-pig, including the left vagus and left stellate 
ganglion, without any effect on the ductus. Further work is therefore required 
to establish the details of the mechanism by which asphyxia causes constric- 
tion of the ductus. 

Other authors have attributed closure of the ductus to changes in the 
pressures on its walls, the determinant factors being: an increase of blood flow 
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through the lungs (Kilian, 1826), the cessation of blood flow through the ductus 
arteriosus (because aortic and pulmonary arterial pressures become equal), 
and a fall in intravascular or transmural pressure on ventilation (Schulze, 
1871; Thoma 1883; Ziegenspeck, 1885, 1905; Strassmann, 1894; Jores, 1924; 
Barron, 1944; Reynolds, 1953, 1954a). The experiments described in the 
present paper do not support these hypotheses. Pulmonary blood flow may 
increase without constriction of the ductus arteriosus. Both asphyxia and 
a substantial rise in arterial O, saturation (consequent on ventilation with O,) 
have led to constriction, while flow through the ductus continued in either 
direction. Moreover, in lambs born under natural conditions, constriction of the 
vessel is accompanied by an audible murmur which is attributed to the con- 
tinuance of blood flow through a narrow lumen. Similarly, both asphyxia and 
excess O, have led to constriction of the ductus, in different experiments, 
whether the blood pressure was raised above or lowered below the foetal value; 
variations of about 20 mm Hg above and below the normal foetal pressure 
did not lead to constriction in the absence of any change in arterial O, content. 
The diameter of the vessel must be determined by the transmural pressure on 
the one hand and the elastic and muscular tensions of the vessel wall on the 
other hand: but small changes in transmural pressure, such as occur in the 
newly delivered lamb, do not by themselves lead to irreversible constriction. 

When the ductus has remained in the constricted state for a certain length 
of time, a return of the O, saturation of the arterial blood to the foetal level 
is no longer followed by full dilatation of the vessel to the foetal diameter. 
This observation suggests that some progressive change in the ductus has 
begun as a result of constriction. The nature of this process is not known. It 
is, however, appropriate to draw attention to the physical consequences of 
severe constriction of the vessel. Burton (1951, 1952) and Nichol, Girling, 
Jerrard, Claxton & Burton (1951), by applying the law of Laplace to blood 
vessels, predicted that there should be a critical closing pressure below which 
the lumen of a blood vessel would be entirely obliterated. If this hypothesis 
is correct, one may infer that, as complete obliteration is approached, even in 
the presence of a very small muscular tone, a very great transmural pressure 
is required to cause an increase in diameter. It would therefore follow that, 
once the ductus is constricted, it may be kept constricted by very little 
muscular effort. 


The effects of wnderventilation on the pulmonary pressure in newborn lambs 

In previous experiments it was observed that positive pressure ventilation 
of the lungs of mature foetal lambs, delivered by Caesarean section under 
general anaesthesia, caused a fall in systemic and pulmonary arterial blood 
pressure (Ardran et al. 1952). In these experiments the stroke of the respira- 
tion pump was so adjusted that the lungs were rapidly and fully expanded, as 
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judged by direct observation in the open chest. It was later found that 
the peak intratracheal pressures required were very considerable, about 
25-35 mm Hg (Dawes et al. 1953). Lambs which are delivered under local 
anaesthesia, and which breathe spontaneously, can achieve intrapleural 
pressures as low as —50 mm Hg, but in spite of this they are often under- 
ventilated (Dawes et al. 19555). In many lambs the systemic arterial O, 
saturation only rises slowly to 90% after birth, and the blood pressure rises 
on tying the cord and does not fall when breathing begins. These phenomena 
can be reproduced in lambs under general anaesthesia by underventilation. 

In lambs delivered under local anaesthesia there appears, within 5-20 min 
of tying the umbilical cord and the onset of breathing, a murmur which is 
characteristic of blood flow through a constricted ductus arteriosus from aorta 
to lungs. This is attributed to a fall of the blood pressure in the pulmonary 
trunk below that in the aorta (Dawes et al. 1955a). But in lambs delivered 
under general (barbiturate) anaesthesia, underventilation does not usually lead 
to a comparable fall in pulmonary arterial pressure (relative to aortic pressure), 
and the murmur characteristic of flow from aorta to lungs may not develop. 
There is a possible explanation for the difference produced by barbiturates. 
They are well known to cause peripheral vasodilatation, and may reduce the 
pressor response to anoxaemia. Injection of sodium pentobarbitone into a 
foetal lamb causes a fall of blood pressure. It would not be surprising, there- 
fore, if there were a relative reduction in systemic as compared with pulmonary 
arterial resistance in newborn lambs under barbiturate anaesthesia. This point 
will have to be considered further in future work for two reasons. First, we 
have no information as to the effect of a barbiturate on the ductus arteriosus 
itself. It does not prevent the ductus becoming constricted in response to 
asphyxia, to sympathetic amines or to a rise in the arterial O, tension, but it 
might modify its response. Secondly, and equally important, there might 
possibly be factors in the cardiovascular changes at birth, which could be 
modified considerably by barbiturate anaesthesia. We have considered above 
the possibility that the smooth muscle of various blood vessels may become 
constricted in response to an increase in arterial O, tension. After birth there 
is a large increase in arterial 0, tension which has been shown to affect the 
calibre of the ductus arteriosus, and which might also alter the vascular tone 
of systemic or indeed pulmonary arterioles. Further experiments will be 
required to investigate this point. 

The changes in venous pressures in underventilated newborn lambs are also 
of interest in determining whether or not the valve of the foramen ovale is 
closed throughout the cardiac cycle, and hence whether the cyanosis observed 
is in part due to a right-left shunt. The left atrial pressure rises in these lambs 
(Fig. 15), as it does in well-ventilated lambs (Dawes, Mott & Widdicombe 
1955c). The immediate rise might be partly caused by cardiac distress during 
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the initial period of profound asphyxia. There is no doubt that pulmonary 
blood flow also increases, both as a result of the rise of blood pressure and 
because of the gradual expansion of the lungs. But at what stage these changes 
cause final closure of the valve of the foramen ovale in underventilated lambs 
is not known. 


Cardiac murmurs in newborn lambs and babies 

The cardiac murmur which is heard shortly after birth in newborn lambs is 
characteristic of blood flow from aorta to the lungs, first because it is a con- 
tinuous murmur, similar to that described by Gibson (1898, 1900) in children 
or adults with a patent ductus; secondly, because it radiates medially from the 
point of maximum intensity; and thirdly, because when the chest is opened, 
the pressure in the aorta is found to exceed that in the pulmonary trunk 
(Dawes et al. 1955a). It is unlikely to be confused with the murmur which 
is due to flow from pulmonary trunk to aorta in the lamb, because the latter 
is very much softer, not continuous and radiates down the descending 
aorta. 

In some newborn babies cardiac murmurs are heard after birth, though com- 
paratively infrequently (2-5°%) (Lyon, Rauh & Stirling, 1940; Taylor, 1953; 
Richards, Merritt, Samuels & Langmann, 1955; Eldridge, Hultgren & Wigmore, 
1955). Some of these investigators listened to the chest on one occasion during 
the first 24 hr after birth, others listened more often. Many of the murmurs 
which were then heard disappeared subsequently, and no entirely satisfactory 
explanation for them has been offered, though it has been suggested that they 
were due to the continuation of flow through foetal channels. A few murmurs 
persisted, and were later associated with congenital heart disease of various 
kinds. Owen & Kingsbury (1924) and others since then have stated that they 
had never heard ‘the classical murmur of a pathologically patent ductus 
within the first few days of life’. Various explanations for the difference between 
babies and lambs will therefore have to be considered. If it is conceded that 
the physical circumstances which lead to the production of the murmur in 
lambs and babies are the same, then in the latter: 

(1) The ductus may not become constricted at birth. This seems unlikely 
in view of the cineangiographic observations of Lind & Wegelius (1949, 1954) 
and Keith & Forsyth (1950). This hypothesis would also require the postulation 
of an entirely different mechanism of constriction from that which obtains in 
the lamb and guinea-pig. 

(2) The ductus may become completely constricted at birth. 

(3) The ductus may be only partly constricted and pulmonary arterial 
pressure may not fall below aortic pressure so rapidly as in the lamb. 

Eldridge et al. (1955) observed that, in some infants during the first 3 days 
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that withdrawn from the hand. They deduced that there was in these infants 
a right-left shunt, probably through a patent ductus arteriosus. Prec & Cassels 
(1955) found that a large proportion of infants less than 15 hr old showed 
abnormal dye dilution curves after injection of T-1824 into the umbilical vein. 
These were attributed to persistent patency of the ductus arteriosus. The post- 
mortem observations of Gérard (1900a, b), Scammon & Morris (1918), Christie 
(1930), Leech (1935) and Jager & Wollenman (1942) on newborn infants also 
suggest that the ductus does not always close completely for some weeks after 
birth. Perhaps no one of these observations may be regarded as conclusive by 
itself. The interpretation of dye dilution curves is hazardous, and other 
workers (Barron, 1944; Barcroft, 1946) have hesitated to draw conclusions 
from post-mortem material. Yet it now seems probable that in newborn 
infants, as in lambs, the ductus arteriosus does not always close completely 
within a few minutes of\birth. In such cases, if no murmur is to be heard, we 
must suppose, with Eldridge et al. (1955), that the pressure in the pulmonary 
artery is still high. Yet it seems likely that the pulmonary arterial pressure 
must fall soon after birth, since the weight of the right ventricle becomes con- 
siderably less than that of the left within a month (Keen, 1955). In children 
who are later found to have a patent ductus arteriosus the cardiac murmur is 
often atypical during early infancy. There may be no murmur, or a systolic 
murmur only. By the age of 3-4 years the continuous murmur is usually 
present, and its appearance has been attributed by Gross & Longino (1951) 
to an increase in the pressure difference across the ductus. However, if the 
ductus is widely open a murmur is not to be heard, and so in these particular 
infants appearance of the murmur might actually have been due to progressive 
constriction of the ductus at this age. Clearly more information is needed as to 
the course of events in the newborn baby. 

Constriction of the ductus arteriosus in a foetal lamb, in which the direction 
of blood flow is from pulmonary trunk to aorta, is associated with the develop- 
ment of a soft systolic murmur. A number of authors have reported observa- 
tions on human patients suffering from pulmonary hypertension and persistent 
patency of the ductus, in which the direction of blood flow from pulmonary 
trunk to aorta was confirmed by measuring the 0, content of blood samples 
(Table 4). In one of these nine patients, no murmur was heard; the remainder 
all had a systolic murmur to the left of the sternal border, and two had, in 
addition, a diastolic murmur (Dammam, Berthrong & Bing, 1953; patients 
2 and 4). In a tenth patient, Johnson, Werner, Kuschner & Cournand (1950) 
found intermittent flow in either direction through the ductus; this patient 
had both systolic and diastolic murmurs. Although it would be hazardous to 
make any generalization from these few instances, it seems probable that in 
man, as in sheep, unidirectional flow through a constricted ductus from 


pulmonary trunk to aorta may normally give rise to a systolic murmur. Blood 
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flowing in the reverse direction may also very rarely give rise to a systolic 
murmur (Gross & Longino, 1951; Bonham Carter & Lovel, 1953, case 3). 


Taste 4. Murmurs recorded in patients with blood flow through a patent ductus arteriosus 
from pulmonary trunk to aorta, confirmed by analysis of blood samples for 0, content 


Author Patient no. Age (years) Murmur 
Cosh (1953) 1 27 Faint systolic at pulmonary area 
2 9 Loud systolic over precordium 
Hultgren et al. (1953) 2 34 No murmur 
3 31 lic left sternal border, 
in 
4 21 c sternal border, 
Dammam et al. (1953) 2 Systolic + thrill, 2nd left inter- 
space; diastolic to left of sternum 
3 20 Systolic left sternal border 
4 30 Systolic at base to left of sternum, 
+ diastolic 2nd left interspace 
Smith (1954) — 19 Systolic left sternal border, 
3rd interspace 
SUMMARY 


1. In lambs delivered by Caesarean section the ductus arteriosus becomes 
constricted when the arterial O, saturation is raised by ventilating the lungs, 
and dilates when it is lowered by reducing the O, content of the inspired air. 
Inflation of the lungs with nitrogen (the placental circulation remaining intact) 
does not cause constriction of the ductus. The constriction still occurs after 
destruction of the brain and spinal cord, and when the systemic and pulmonary 
arterial pressures are stabilized. 

2. In unventilated foetal lambs the ductus arteriosus also becomes con- 
stricted when the arterial O, saturation is raised, either by giving the ewe 
100% O, to breathe, or when the placenta is replaced by the lungs of a twin 
lamb. 

3. In an isolated heart—ductus-artificial lung preparation the ductus 
arteriosus becomes constricted when the arterial O, saturation is raised, and 
dilates when it is lowered. 

4. In spontaneously breathing lambs delivered by Caesarean section under 
local anaesthesia, the ductus arteriosus often becomes constricted, as indicated 
by the development of a characteristic murmur, at a low arterial O, saturation. 
These lambs are partially asphyxiated at birth; there is a large fall of blood pH 
and a rise of CO, partial pressure. There is also a large increase in blood pressure 
and heart rate. 

5. In lambs delivered by Caesarean section under general anaesthesia, 
deliberate underventilation and consequent asphyxia causes constriction of 
the ductus arteriosus. In these underventilated lambs the pulmonary arterial 
pressure does not fall, as it does in well-ventilated lambs, when the ductus 
becomes constricted. 
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6. Infusion of adrenaline and noradrenaline into foetal lambs causes con- 
striction of the ductus arteriosus. 


7. It was concluded that either a large increase in arterial O, tension, or the 


release of sympathetic amines by asphyxia, may cause constriction of the 
ductus arteriosus at birth. 


8. The changing character of the cardiac murmur with the direction of 
blood flow through the ductus arteriosus was discussed, together with the 
possible reasons for its failure to appear in newborn babies. 

9, The shift of the O, dissociation curve with change in CO, partial pressure 
(Bohr effect) was measured in foetal and newborn lambs. It was not sufficient 
to explain the constriction of the ductus arteriosus observed at low arterial O, 
saturations. 


We are most grateful to the Nuffield Foundation for their continued support, to the Medical 
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MECHANISMS OF ACETYLCHOLINE SYNTHESIS 
IN THE BLOWFLY 


By B. N. SMALLMAN* 


From the National Institute for Medical Research, 
Mill Hill, London, N.W.7 


(Received 2 November 1955) 


The organophosphorous insecticides are strong anticholinesterases, and their 
insecticidal action is attributed to this property. This hypothesis presupposes 
the presence in insects of acetylcholine (ACh) and the enzyme systems for its 
hydrolysis and synthesis, that is, cholinesterase and choline acetylase. Cholin- 
esterase has been demonstrated in the nervous tissue of insects (Richards & 
Cutcomp, 1945), and recent evidence has established the presence of ACh also 
(Lewis, 1953; Augustinsson, 1954; Chefurka & Smallman, 1955). However, 
there is no comparable evidence for the remaining component, choline 
acetylase, and the enzymes associated with it in the synthesis of ACh. 

The present study provides evidence for the presence of choline acetylase, 
coupled with enzymic acetyl donor systems, in an insect. This evidence com- 
pletes the basis for the analogy, between insects and mammals, of the lethal 
effects of cholinesterase inhibitors; for ACh, cholinesterase and choline 
acetylase are now known to occur in insects. 


METHODS 


Larvae of the blowfly, Lucilia sericata, were reared to pupation on minced liver, and the adults 
provided with water, sucrose and liver until they were killed at 10-12 days after emergence. Liver 
was withheld overnight before the flies were killed. 

Acetone-dried powders were prepared from the heads. The flies were immobilized in ice, decapi- 
tated, and the heads ground in a cold mortar in Analar acetone at - 4° C. The volume of acetone 
used was 50 to 100 times the volume of tissue. It was found possible to separate most of the 
cuticle from the acetone powder at this stage, because during grinding the cuticle was broken up 
into relatively large pieces which accumulated on the bottom of the mortar, so that by decanting 
and repeated washing with fresh acetone, most of the cuticle remained in the mortar. The acetone 
suspension was filtered in the cold, and the resultant powder was stored over P,O, in an evacuated 
desiccator at 4° C, 
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The powders were extracted with a cysteine-saline solution immediately before use. 


hydrochloride to give 6 mg/ml. was added to 0-9% NaCl and quickly neutralized with n/3 NaOH. — 


To this solution the powder was added immediately (10 mg/ml.) and the extraction carried out 
by stirring in an ice-packed centrifuge tube for 15 min. The preparation was then centrifuged at 
3000 rev/min for 10 min, the supernatant fluid decanted, and aliquote added to the incubation 
flasks containing the other reagents. In some experiments the extraction was carried out in the 
presence of an anion-exchange resin to remove endogenous CoA and anions such as acetate and 
citrate (Balfour & Hebb, 1952). The resin, ‘ De-Acidite E’, was prepared by treatment with 10% 
NaOH followed by 10% HCl and then washed exhaustively with de-ionized water until the pH of 
the washings was about 4. Freshly prepared cysteine-saline solution was mixed with approxi- 
mately half its volume of resin, the solution was neutralized with n/3 NaOH, the powder added 
and the extraction carried out as before. 

The extracts were incubated in small flasks shaken in a Warburg respirometer bath at 37° C. 
Unless otherwise stated, each flask contained in a total volume of 4-7 ml.: extract of 25 mg 
acetone-dried powder; cysteine, 15 mg; NaF, 2 mg; KCl, 6 mg; MgCl,, 4 mg; eserine sulphate, 
0-5 mg; Serensen’s phosphate buffer (pH7), 0-3 ml.; choline chloride, 3 mg; sodium acetate 
0-01 m mg) or sodium citrate 0-0lm (16-4 mg); ATP (disodium salt), 4 mg; co-enzyme A 
(CoA) (Pabst, 75% pure), 100 ug, equivalent to 30 Lipmann units. 

At the end of the incubation period, the reaction was stopped by addition of 0-5 ml. of x/3 HCI, 
the incubate was boiled momentarily, and stored at 4° C until assay. The ACh content of incubates 
was assayed on the eserinized frog’s rectus abdominis muscle, correcting for the presence of 
sensitizing substances (Feldberg, 1950). All values refer to ACh chloride. 


RESULTS 


Table 1 shows that the blowfly head contains the enzyme system necessary 
for the synthesis of ACh. The insect preparation produced ACh at a rate 
several times greater than the rate of synthesis obtained with an acetone 
powder of guinea-pig brain, incubated under the same conditions. Moreover, 
with the insect tissue acetate was more effective than citrate as acetyl donor, 
whereas with the guinea-pig brain they were equally effective. 


TaBLE 1. Amounts of ACh synthesized (ug/g powder/hr) 


Acetyl donor 
Source Citrate Acetate 
Blowfly heads 2400 4000 
Guinea-pig brain 920 920 


To establish the identity with ACh of the active substance produced by the 
blowfly preparation, incubates prepared without eserine were assayed simul- 
taneously on the frog’s rectus abdominis and the guinea-pig’s ileum. Using 
ACh as standard, the estimates obtained with the two test materials agreed 
within 10% with citrate, and 4% with acetate. These differences are within 
the experimental error of the assays, indicating that the pharmacologically 
active substance produced by the blowfly preparation is identical with ACh. 

The requirement for coenzyme A, choline and acetyl donor. Table 2 summarizes 
the results which show that the synthesizing system in the blowfly head 
requires CoA, choline and an acetyl donor. Balfour & Hebb (1952) used an 
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anion exchange resin to remove endogenous CoA from acetone powders of 
mammalian brain and were able to show by this means that CoA was essential 
for synthesis by the mammalian preparation. Similarly, an acetone powder of 
blowfly heads extracted in the presence of the resin failed to synthesize ACh 
in the absence of CoA, as shown in the first line of Table 2. When CoA was 
added to such resin-treated extracts, the ability to synthesize ACh was restored 
and the rate depended on whether acetate or citrate was present also (line 2 of 
Table 2). Extracts of powders not treated with resin synthesized some ACh 
without the addition of CoA, and this must be taken as evidence that these 
powders contain the coenzyme endogenously; the amounts present, however, 


TaBLE 2. Amounts of ACh synthesized in the presence of CoA, choline and acetyl donor 


(ug/g powder/hr) 
Acetyl donor 
Conditions None Citrate Acetate 
Resin treated powder 
No CoA _— Nil Nil 
CoA present 340 1450 3600 
Untreated powder 
No CoA - 450 320 
No choline 60 — 180 
CoA and choline present 600 2250 3400 


were insufficient to support a high rate of synthesis (line 3 of Table 2). Rela- 
tively small amounts of ACh were synthesized also in the absence of added 
choline or an acetyl donor, indicating that these substances are also present 
endogenously. The table shows finally that high rates of synthesis were obtained 
only when the extracts were fortified with CoA, choline, and an acetyl donor. 


The effect of pH 

The effect of pH was examined, (a) on the extraction of the enzyme system, 
and (6) on its activity during incubation. 

Effect of pH on extraction. Two portions of an acetone powder of blowfly 
heads were extracted in cysteine-saline solution, one at pH 5-4 and the other 
at pH 7-2. After centrifuging, the supernatant fluids were decanted and the 
residues were both extracted again in cysteine-saline solution at pH 7-2. Each 
of the four extracts was incubated, either with citrate or with acetate. The pH 
of all the incubation mixtures was adjusted to 7-2 immediately before beginning 
the incubation. 

The results are given in Table 3, and show that the amounts of ACh 
synthesized were approximately the same, irrespective of whether the first 
extraction was carried out at pH 5:4 or 7-2, and this was true with both citrate 
and acetate. The second extraction at pH 7-2 yielded extracts with low 
synthesizing activity, which remained the same whether the first extraction 
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was made at pH 5-4 or 7-2. Thus, in the range from pH 5-4 to 7-2, the enzymes 
necessary for synthesis were equally and efficiently extracted. 

Effect of pH during incubation. Aliquots of an extract of blowfly heads were 
added to incubation mixtures, complete except for the omission of CoA, and 
the pH of the mixtures adjusted to the desired values between pH 5-6 and 8-0). 
The CoA, which had been withheld to prevent synthesis during the pH adjust- 
ment, was then added and the mixtures incubated as usual. 


TaBiz 3, Effect of pH of extraction on synthesis of ACh (yg/g/hr) 


Extraction pH Citrate Acetate 
Ist 5-4 2800 4200 
2nd 7-2 130 150 
lst 7:2 2700 4500 
2nd 7-2 120 150 


ACh (mg/g) 


60 65 70 5 
pH 
Fig. 1. Effect of pH of the incubation mixture on rate of synthesis of ACh. 


The results are shown in Fig. 1. Both with acetate and with citrate, the 
amount of ACh synthesized was dependent on pH. However, the pH had 
different effects on the relative activities of the acetate-utilizing system and of 
the system utilizing citrate. At pH 5-6 the synthesis with acetate was some- 
what less than with citrate, whereas at higher pH the synthesis with acetate 
was always greater, and at pH 8 it was about six times greater than with 
citrate. Moreover, the pH optima of the two systems were different: with 
citrate the optimum was at pH 6-2-6-4, and with acetate it extended from 
about pH 7-0 to 7-5. Thus, with acetate as acetyl donor, the synthesis of ACh 
by the blowfly preparation was most effective in a neutral or slightly alkaline 
medium ; with citrate as acetyl donor, synthesis was optimal in an acid medium. 
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The effect of coenzyme A concentration 

Incubation mixtures were made up to contain various concentrations of 
CoA from 0 to 48 Lipmann units/ml. Before adding the CoA the pH of the 
incubates was adjusted to 6-6 because of the finding that at this pH the 
synthesis was nearly optimal with either acetate or citrate. 

The relation between CoA concentration and synthesizing activity is illus- 
trated in Fig. 2, which shows that with either acetate or citrate, the amount 
of ACh synthesized is dependent on the CoA concentration. In the absence of 
added CoA small amounts of ACh were synthesized, owing to the presence of 
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ACh (mg/g/hr) 


0 6 12 18 24 30% 2 
CoA concn. (units/ml.) 


Fig. 2. Effect of CoA concentration on rate of synthesis of ACh. 


endogenous CoA; acetate and citrate were equally effective. With the addition 
of low concentrations of CoA, the synthesis with both acetate and citrate was 
accelerated, and this acceleration continued until the concentration of CoA 
reached 36 units per ml. A further increase in the concentration of CoA 
resulted in some inhibition with acetate as well as with citrate. 

Comparison of the two curves in Fig. 2 shows that the synthesis with acetate 
increased more rapidly than that with citrate as the CoA concentration 
increased. For instance, at a CoA concentration of 6 units per ml., 3-8 mg 
ACh/g powder/hr was synthesized with citrate, and 7-2 mg with acetate; the 
corresponding values at 36 units CoA per ml. were 6-5 and 13-6 mg. Similar 
results were obtained in another experiment in which the synthesis of ACh 
(mg/g/hr) with citrate and acetate respectively was: 0°32 and 0-45 without 
added CoA; 2-9 and 6-7 at 6 units CoA per ml.; 4-2 and 10-6 at 12 units CoA 
per ml, 
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The rate-limiting effect of acetyl coenzyme A formation 

CoA itself does not enter directly into the reaction producing ACh; it is first 
acetylated, and in this form serves as the source of acetyl groups which are 
then transferred to choline by the terminal enzyme, choline acetylase (Korkes, 
del Campillo, Korey, Stern, Nachmansohn & Ochoa, 1952). The findings that 
the rate of synthesis with the blowfly preparation depended on the CoA 
concentration, and that at all CoA concentrations used acetate was more 
effective than citrate, suggest that the synthesis is limited by the formation of 
acetyl CoA, and that the acetylation of CoA proceeds more readily with acetate 
than with citrate. 
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Fig. 3. The rate-limiting effect of acetyl CoA formation with acetate as acetyl donor. Curve A: 
the rate of ACh production after a 30 min induction period with all components present 
except choline; choline added at zero time. Curve B: the same, except that CoA and choline 
were withheld during the induction period and added together at zero time. 


To test whether the formation of acetyl CoA was indeed limiting on the 
synthesis of acetylcholine, the formation of acetyl CoA was separated from 
the acetylation of choline by a preliminary incubation period without choline. 
Extracts with all components present except choline were incubated for 
30 min. At the end of this period choline was added, and during the next 30 min 
samples were withdrawn at short intervals and assayed for ACh. For com- 
parison, an aliquot of the same extract was incubated in the same way except 
that CoA was also withheld during the first 30 min and then added together 
with the choline. CoA was provided at the optimum concentration of 
30 units/ml. and the pH of all incubates was adjusted to 6-6. 

Acetyl coenzyme A formation with acetate. A comparison of the curves A 
and B of Fig. 3 shows that with acetate as acetyl donor, the formation of 
acetyl CoA is limiting on the synthesis of ACh. When acetyl CoA was allowed 
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to form and accumulate during the 30 min induction period, 2°1 mg/g ACh 
was produced in the first 2 min after addition of choline (curve A), whereas 
only 0-23 mg/g ACh was formed when CoA and choline were added together 
after the induction period without CoA, so that no pre-formed acetyl CoA was 
available at zero time (curve B). Curve A shows that with pre-formed acetyl 
CoA available, the initial rate of formation of ACh was rapid, but that after 
about 4 min it slowed abruptly, presumably because the acetyl CoA accumu- 
lated during the induction period had been exhausted. Thereafter the synthesis 
of ACh appeared to be dependent on the coincident formation of acetyl CoA 
as shown by the nearly identical rate of synthesis when no pre-formed acetyl 
CoA was available (curve B). The vertical distance between the parallel 
portions of the two curves from 10 to 30 min provides an estimate of the 
amount of acetyl CoA formed during the induction period, and indicates that 
acetyl CoA equivalent to about 2-2 mg/g ACh was formed from CoA and 
acetate during the 30 min period before the addition of choline. 

In a similar experiment in which the CoA concentration was only 6 units 
per ml. instead of 30, the two curves conformed to the same pattern but the 
separation between their parallel portions was less and indicated that acetyl 
CoA equivalent to 0-55 mg/g ACh was formed during the induction period. 
Thus a five-fold increase in CoA concentration, from 6 to 30 units/ml., resulted 
in a four-fold increase in the amount of acetyl CoA available to the choline 
acetylase at the end of the induction period. The concentration of CoA there- 
fore affects the rate of synthesis of ACh by its effect on the formation of acety] 
CoA, and thus accounts for the increase in synthesis with increasing concentra- 
tions of CoA as illustrated in Fig. 2. 

Acetyl coenzyme formation with citrate. Fig. 4 shows the results obtained with 
citrate as acetyl donor. When CoA (30 units/ml.) was present during the 
30 min induction period (curve A), the initial rate of ACh synthesis was greater 
than when CoA was withheld during this period and added together with 
choline at zero time (curve B). Thus the production of ACh followed the same 
pattern as with acetate. However, the amount of acetyl CoA formed during 
the induction period was much less than in the corresponding experiment with 
acetate (Fig. 3) as shown by the lower initial rate of ACh production and the 
small separation between parallel portions of the curves A and B. Using this 
separation to estimate the amount of acetyl CoA formed during the induction 
period, acetyl CoA equivalent to about 0-3 mg/g ACh was formed with citrate, 
as compared to 2-2 mg/g with acetate. 

These estimates of the formation of acetyl CoA may be used to calculate the 
proportion of the added CoA which was acetylated during the induction period. 
This has been done in Table 4, using the data from the three experiments 
described in this section. 

In the first two columns of Table 4, the amounts of CoA and the difference 
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in ACh production with and without pre-formed acetyl CoA are given in yg 
per incubate containing 25 mg acetone powder. From the amounts of CoA 
used, the theoretical yield of acetyl CoA, if all the CoA (mol. wt. 767) were 
acetylated, is calculated as micromoles and given in column 3. In column 4, 
the difference in ACh production is converted to micromoles to give an estimate 
of the microequivalents of pre-formed acetyl CoA actually available after the 
induction period. From a comparison of columns 3 and 4, an estimate of the 
percentage of CoA which was acetylated during the induction period is 
obtained. 
5 


0 5 10 15 20 25 30 
Time (min) 


Fig. 4. The rate-limiting effect of acetyl CoA formation with citrate as acetyl donor. 
Details for curves A and B are the same as in Fig. 3. 


TaB_e 4. Amounts of acetyl CoA formed with acetate and citrate 
Acetyl CoA (umole) 


Calculated 
CoA* AACht for 
cet, (ug/25mg (ug/25mg acetylation Estimatedfrom 0 
donor powder) powder) of CoA AACh acetylated 
Acetate 75 13-7 0-09 0-07 78 
Acetate 375 55-0 0-49 0-30 61 
Citrate 375 75 0-49 0-04 8 


* Pabst CoA corrected for 25% impurities. 
t The difference in ACh production with and without pre-formed acetyl CoA, e.g. the difference 
between the parallel portions of curves A and B in Fig. 3. 


The results show that the estimated formation of acetyl CoA with acetate 
corresponds to the acetylation of 78% of the available CoA at the lower 
concentration, and 61% at the higher concentration of CoA. With citrate, 
however, only 8%, of the CoA appears to have been available in the acetylated 
form at the end of the induction period. Thus, the formation of acetyl CoA with 
citrate as substrate proceeds less readily than with acetate, and this difference 
may well account for the lower rates of ACh synthesis obtained when the 
blowfly preparation was incubated with citrate as acetyl donor. 
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The activity of choline acetylase and the presence of two enzymes 
for the acetylution of coenzyme A 

With a supply of acetyl CoA, accumulated during the induction period, the 
initial rate of ACh synthesis after the addition of choline should provide a 
measure of the activity of choline acetylase independent of the formation of 
acetyl CoA. Such a measure is in fact available from Fig. 3 (curve A), which 
shows that 2-1 mg ACh/g powder were synthesized in the initial 2 min of the 
reaction, indicating a rate of about 1 mg/g/min. However, since the rate 
decreased to 0-7 mg/g/min during the subsequent 2 min, some decline may 
have occurred already during the initial 2 min and the optimal rate may be 
higher than 1 mg/g/min. It seemed necessary, therefore, to measure the rate 
of synthesis at intervals shorter than 2 min, and this has been done in the 
following experiment. 

Aliquots of an extract were incubated with all components present except 
choline which was added after 30 min. One sample was withdrawn immediately 
before choline was added at zero time: after this samples were withdrawn at 
1 min intervals during the subsequent 4 min. 

Fig. 5, curve A, shows that with acetate 1-3 mg ACh/g powder was synthe- 
sized in the first minute of the reaction, after allowing for the small amount 
present at zero time. During the same period, only 0-3 mg/g was synthesized 
with citrate (curve B). The choline acetylase was therefore capable of synthesis 
at the rate of 1-3 mg/g/min. This rate may still be less than optimal because 
it was not sustained after the first minute. 

Since both acetate and citrate can act as substrates for the production of 
acetyl CoA, it seemed possible that two different enzymes for the acetylation 
of CoA are present. In that case, the provision of both acetate and citrate to- 
gether should further increase the rate of ACh synthesis, provided that the 
choline acetylase can still accept the additional acetyl CoA. An increase was in 
fact found, for when in the experiment illustrated in Fig. 5, an aliquot of the 
same extract was provided with both acetate and citrate, 1-7 mg/g was synthe- 
sized during the first minute (curve C). Furthermore, this rate was the sum of 
the rates with acetate and citrate provided separately (acetate alone, 1-3; citrate 
alone, 0-3; acetate and citrate, 1-7). This additive synthesis was maintained 
throughout the period of the experiment. For instance, at 4 min after the 
start of the reaction the values were: 3-1 mg with acetate, 0-8 mg with citrate, 
and 4-2 mg with acetate and citrate together. This additive effect and the 
absence of interaction between acetate and citrate provide evidence that the 
acetate and citrate utilizing systems are separate enzyme systems providing 
acetyl CoA for the choline acetylase. 

Further evidence for the independence of the acetate and citrate systems 1s 
apparent from Fig. 5 which shows that, after an induction period with acetate, 
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the rate of synthesis remains about the same whether or not citrate is added 
at the beginning of the reaction (points plotted on curve A). 

The three curves A, B and C in Fig. 5, all decrease in slope with time, indi- 
cating that the choline acetylase is not fully saturated with respect to acetyl 
CoA. Thus, when both the citrate and acetate systems are operative, the 
additional CoA made available is accepted and results in an equivalent increase 
in ACh synthesis. The resultant initial rate indicated in curve C provides the 
best estimate of the activity of the choline acetylase from blowfly heads, and 
shows that the enzyme is capable of synthesizing ACh at the rate of at least 
100 mg/g powder/hr. 
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Fig. 5. The activity of choline acetylase, and the additive effect of acetate and citrate for the . 


formation of acetyl CoA. The three curves show the rate of ACh synthesis when choline was 


added to incubates at zero time after a 30 min induction period during which the acetyl donor 


was: acetate (curve A, circles); citrate (curve B); acetate and citrate (curve C); acetate 
during the induction period, and citrate added with choline at zero time (curve A, triangles). 
In each case the concentration of acetate or citrate was 0-01 m. 


DISCUSSION 


Despite the recent interest in ACh and cholinesterase in insects, little attention 
has been given to the system required for the synthesis of ACh. Tobias, 
Kollros & Savit (1946), when studying the mode of action of DDT, reported 
an experiment in which homogenates of the nerve cords of cockroaches pro- 
duced 47 ng ACh/g tissue when incubated anaerobically for 30 min with choline, 
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ATP, and yeast juice; an acetyl donor was apparently not added. Lewis (1953) 
found that the ACh content of blowfly homogenates increased from 7-5 ug/g 
tissue to 35yg/g during 5 hr incubation with eserine but without other addi- 
tions. Until now these findings provided the only evidence for the ACh 
synthesizing system in insects, but they afforded little basis for evaluating its 
activity or defining its components and mechanisms. 

In the present experiments the ACh synthesizing system has been demon- 
strated in the head of the blowfly and shown to be highly active. The essential 
components of the system are choline acetylase coupled with enzymic acetyl 
donor systems, one of which utilizes acetate, the other citrate. 

In the ight of current knowledge, the relative utilization of acetate and 
citrate provides an insight into the mechanism of ACh synthesis in the blowfly. 
Mechanisms for the utilization of acetate and citrate in the synthesis of ACh 
have been proposed. Both compounds may act as acetyl donors for the forma- 
tion of acetyl CoA, With acetate as substrate, acetyl CoA is formed by a 
complex reaction involving ATP and CoA catalysed by the acetate-activating 
enzyme of animal tissues and yeast (Jones, Black, Flynn & Lipmann, 1953). 
With citrate as substrate, acetyl CoA is formed in the presence of CoA by 
reversal of the reaction, acetyl CoA +oxalacetate=citrate, catalysed by the 
condensing enzyme (Stern, Shapiro, Stadtman & Ochoa, 1951). Both these 
reactions yielding acetyl CoA may then be coupled with choline acetylase in 
the presence of choline to yield ACh (Korkes et al. 1952). 

Our evidence shows that acetate and citrate are in fact brought into reaction 
by two separate enzyme systems in the blowfly preparation. The rates of ACh 
synthesis with acetate and citrate are widely different, the pH-activity relation- 
ships differ markedly, and classical evidence for the presence of two enzymes 
is afforded by the demonstration that the rate of synthesis with acetate and 
citrate together is the sum of the rates with each separately. 

In the blowfly preparation, in contrast to mammalian brain, the acetate- 
utilizing system for the synthesis of ACh is more effective than that using 
citrate. Early work with mammalian brain demonstrated that synthesis was 
greatly potentiated by citrate, whereas acetate had little or no effect (Nach- 
mansohn & John, 1945; Feldberg & Mann, 1946). Later work showed that 
under appropriate conditions (i.e. high cysteine concentration and the use of 
purified CoA), acetate as well as citrate could act as acetyl donor; although, 
with crude brain extracts, the activity with acetate was still less than with 
citrate (Balfour & Hebb, 1952; Persky & Barron, 1950). On the other hand, 
the activity of an extract from squid head ganglia was strongly potentiated 
by acetate and actually inhibited by citrate (Nachmansohn & Weiss, 1948). 
The blowfly preparation is therefore similar to the squid preparation in that 
both are more strongly potentiated by acetate than by citrate, suggesting that 
these invertebrate tissues contain a higher concentration of the acetate 
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activating enzyme than does mammalian brain. An alternative suggestion 
is that preferential utilization of acetate is associated with more highly 
concentrated enzyme preparations. Both the squid and the blowfly prepara- 
tions are considerably more active than mammalian brain, and moreover, 
Hebb (1955) has observed that high concentrations of mammalian brain 
extracts favour acetate utilization, whereas lower concentrations favour citrate. 

The relatively low rate of ACh synthesis with citrate was shown in our 
experiments to result from the low rate of acetyl CoA formation. Recent 
studies on the mechanism of acetyl CoA formation with citrate indicate that 
a low rate of formation in our system would, in fact, be expected. The forma- 
tion of acetyl CoA from citrate by reversal of the condensing enzyme reaction 
yields oxalacetate as a reaction product (Persky & Barron, 1950; Stern et al. 
1951). The equilibrium of this reaction is strongly in favour of citrate, but 
removal of oxalacetate tends to favour the formation of acetyl CoA (Stern et al. 
1951). Indeed, it has been shown that the synthesis of ACh with citrate may be 
increased appreciably when oxalacetate is removed by trapping with semicar- 
bazide (Lipton & Barron, 1946) or by reduction to L-malate in the presence of 
reduced diphosphopyridine nucleotide and malic dehydrogenase (Korkes et al. 
1952). Under the conditions of our experiments, the formation of oxalacetate 
in the absence of a trapping mechanism would thus reduce the formation of 
acetyl CoA, and hence the synthesis of ACh. 

Other anomalies with citrate may possibly be resolved in the same way. 
For instance, when mammalian extracts were used in high concentration, the 
synthesis of ACh with acetate increased proportionately, but the synthesis with 
citrate was reduced (Balfour & Hebb, 1952). This reduced synthesis may result 
from the more rapid formation of oxalacetate in these concentrated extracts 
and an equilibrium less favourable to acetyl CoA formation. Similarly, highly 
active preparations obtained from the squid and the blowfly may show reduced 
synthesis with citrate, compared to acetate, because of the rapid formation 
of oxalacetate. These considerations recall the early observation by Feldberg 
& Mann (1946) that oxalacetate strongly inhibited the synthesis of ACh by 
mammalian brain extracts. 

The concept, first suggested by Lipton & Barron (1946), that two steps are 
involved in the synthesis of ACh, is illustrated by experiments with the blowfly 
preparation in which the first step, the formation of acetyl CoA, was separated 
from the second, the acetylation of choline. In these experiments the sub- 
strates required for acetyl CoA formation were provided during an induction 
period without choline; on the subsequent addition of choline, the initial rate 
of ACh synthesis was very much higher than when all components were added 
together. In the latter case, in which the formation of acetyl CoA was coinci- 
dent with the acetylation of choline, the rate of ACh synthesis was clearly 
limited by the rate of acetyl CoA formation. 
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The rate-limiting effect of acetyl CoA formation probably applies also in 
many other experiments on ACh synthesis in which the usual procedure is to 
add all components of the system together. Thus experiments in which the 
rate of ACh synthesis is estimated at some interval after the simultaneous 
addition of all components, seem actually to provide a measure of the rate at 
which acetyl CoA is made available to the terminal enzyme, choline acetylase. 

To measure the activity of choline acetylase, therefore, the enzyme must be 
provided with sufficient acetyl CoA to saturate it. In our experiments a 
measure of the activity of choline acetylase, independent of the formation of 
acetyl CoA, was obtained by allowing the blowfly preparation itself to produce 
acetyl CoA during an induction period. Initial rates as high as 100 mg/g/hr 
were obtained, and the enzyme was apparently still incompletely saturated 
with respect to acetyl CoA. 

Instead of using the tissue extract itself to increase the acetyl CoA con- 
centration, extracts may be supplemented with the enzyme systems for the 
formation of acetyl CoA derived from another source, or provided with 
chemically produced acetyl CoA. The first method has been used by Hebb 
(1955), and the second by Berman, Wilson & Nachmansohn (1953). 

Hebb added extracts of pigeon liver, which contain the enzymes for the 
acetylation of CoA but not choline acetylase, to extracts of nervous tissue, and 
found that the synthesis of ACh was greatly increased. Since the purpose of 
her experiments was to increase the sensitivity of the method for demon- 
strating choline acetylase, the question whether the augmented production of 
acetyl CoA was sufficient to saturate the choline acetylase was not investigated. 
Berman et al. used acetyl CoA itself as substrate, with choline, for a partially 
purified preparation of choline acetylase from squid head ganglia. With this 
method the initial high rate of ACh synthesis was maintained nearly linear 
with time at low enzyme concentrations. Direct provision of acetyl CoA thus 
offers a decided advantage for the study of the properties of choline acetylase 
itself, but the method developed in the present study seems more appropriate 
to experiments in which interest centres also on the acetyl donor systems to 
which the choline acetylase is coupled. 

It is interesting to compare the activity of the choline acetylase obtained by 
Berman et al. (1953) after a ten-fold purification of squid head ganglia, with 
the activity of our extract of acetone powders from blowfly heads. With the 
purified squid enzyme the initial rate of ACh synthesis was about 1-3.mole/ 
100u.g enzyme/hr. With the preparation from blowfly heads an initial rate of 
100 mg ACh/g powder/hr, corresponding to 0-06 pmole/100 »g/hr, was obtained. 
Thus the activity of the crude extract of blowfly heads was about one- 
twentieth that of the purified squid ganglion preparation. 

To afford a better basis for this comparison, it seems reasonable to assume 


that of the various tissues of the blowfly head (muscle, glands, —— only 
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the nervous tissue contains choline acetylase. According to an estimate by 
Lowne (1893), the fresh weight of the brain of a blowfly is about 0-2 mg. The 
yield of acetone powder from fresh mammalian brain is one-fifth to one-sixth 
the weight of the fresh tissue (Feldberg & Mann, 1945), so that on this basis, 
one blowfly head should yield about 0-04 mg acetone powder of brain tissue. 
Since the yield of acetone powder from whole fly heads averaged 0-4 mg/head, 
a large proportion of this acetone powder must have been derived from tissues 
other than nervous tissue. On these assumptions, the activity of the choline 
acetylase of the blowfly brain would be several fold greater than that observed 
with acetone powder of whole heads, and it could be as high as 0-6 umole 
ACh/hr/100 wg acetone powder of brain tissue. In that case, the activity of the 
crude extract of blowfly brain would be approximately one-half the activity 
of the purified preparation from squid head ganglia. In any ease it seems clear 
that the nervous tissue of the head of the blowfly is one of the richest sources 
of choline acetylase yet reported. 


SUMMARY 

1. Extracts of acetone powders of blowfly heads were found to synthesize 
large amounts of ACh when incubated with ATP, CoA, choline, and acetate or 
citrate. 

2. CoA was essential for the synthesis of ACh, and the rate of synthesis was 
dependent on its concentration. 

3. The rate of synthesis was greater with acetate than with citrate as acetyl 
donor. 

4. The synthesis of ACh was shown to proceed by a two-step process. In 
the first step, an intermediate conforming with the properties of acetyl CoA 
is formed and contributes acetyl groups for the second step, the acetylation of 
choline, catalysed by choline acetylase. 

5. For the formation of acetyl CoA, two separate enzyme systems were 
demonstrated, one utilizing acetate, the other citrate as acetyl donor. The rate 
of formation of acetyl CoA with citrate was lower than with acetate. This 
difference probably accounts for the lower rates of ACh synthesis obtained 
with citrate. 

6. The rate of formation of acetyl CoA was limiting on the rate of ACh 
synthesis by the terminal enzyme, choline acetylase. This was demonstrated 
with both acetate and citrate. 

7. When the activity of choline acetylase was measured under conditions 
in which the formation of acetyl CoA was no longer limiting, initial rates of 
synthesis as high as 100 mg ACh/g acetone powder/hr were obtained. 


I wish to express my gratitude to Dr W. 8. Feldberg for his constant interest in this work and 
for some of the most fertile ideas for its development. Dr Catherine Hebb kindly provided the 
estimate of the CoA content of the Pabst CoA preparation. 
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A STUDY OF THE ELECTRICAL ACTIVITY OF THE 
HYPOTHALAMIC FEEDING MECHANISM* 


By J. R. BROBECK, 8. LARSSON} anv E. REYES 


From the Department of Physiology, School of Medicine, 
University of Pennsylvania, Philadelphia 4, Pa 


(Received 8 November 1955) 


It is now well established that the hypothalamus plays an important role 
in the nervous regulation of food intake. Different experimental approaches 
have been used to come to this conclusion. Brobeck, Tepperman & Long (1943) 
discovered that bilateral lesions in the ventromedial hypothalamic nucleus 
lead to hyperphagia, and that the resulting obesity is due primarily to an 
increase in food intake. Anand & Brobeck (1951) observed that after lesions in 
the region of the lateral hypothalamic nuclei the animals die from starvation. 
These-phenomena have been demonstrated in rats (Brobeck ef al. 1943; Anand 
& Brobeck, 1951), cats (Wheatley, 1944; Anand, Dua & Shoenberg, 1955), 
monkeys (Brooks, Lambert & Bard, 1942; Anand et al. 1955), and mice (Mayer, 
French, Zighera & Barrnett, 1955). 

Another method of studying food intake has been by direct stimulation of 
the hypothalamus. Here Briigger (1943), compiling results earlier obtained by 
Hess, and others (Delgado & Anand, 1953; Larsson, 1954; Anand & Dua, 1955) 
have shown that electrical stimulation of the lateral parts of the hypothalamus 
results in hyperphagia. In similar experiments, where different solutions were 
injected directly into the hypothalamus, Larsson (1954) found that the injec- 
tion of hypertonic solutions also induces hyperphagia, probably by an 
unspecific osmotic stimulation. 

Finally, another type of experiment performed in rats has given evidence 
that the portion of the hypothalamus containing the feeding mechanisms has 
a higher metabolic activity and a greater blood supply during hunger (fasting) 
than during satiety (fed animals) (Forssberg & Larsson, 1954). 

The present study was undertaken to see whether changes in electrical 
activity can be recorded from the hypothalamus and adjacent areas under 


* Supported by grants from the National Science Foundation, Washington, D.C., and the 
Smith, Kline and French Laboratories, Philadelphia, Pa. 
+ Present address: Department of Physiology, Royal Veterinary School, Stockholm 51, Sweden. 
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conditions which in the unanaesthetized animal are known to change food 
intake. As test agents, derivatives of amphetamine have been used, because 
of these drugs’ known depressing action on food intake (cf. Harris, 1955). 


METHODS 


Cate of both sexes were used; they were anaesthetized with pentobarbitone 30 mg/kg body 
weight, or allobarbitone-urethane 0-6 ml./kg body weight. For recording, bipolar concentric or 
bipolar parallel electrodes were used, insulated with enamel (Ajax) except for their tips. A Grass 
4-channel amplifier and inkwriter was used for bipolar recording with common earth. The 
electrodes were oriented with the aid of a stereotaxic instrument with the co-ordinates derived 
partly from previous experience and partly from the diagrams of Jasper & Ajmone-Marsan (1954). 

Of amphetamine derivatives the commercial Benzedrine(S K F) and Dexadrine(S K F) were used. 
The substances were injected intravenously, intraperitoneally or subcutaneously, in amounts 
varying between 0-5 and 2 mg/kg body weight. During the experiment the rectal temperature 
was recorded and arrangements were made to keep it constant. 


RESULTS 


Derivatives of amphetamine, injected as indicated above, produced a change 
in the recorded activity from the medial hypothalamus (Figs. 1, 2). The change 
was never observed dorsal to the mammillothalamic tract, never lateral to a 
vertical line through the columna fornix descendens and the mammillo- 
thalamic tract. Posteriorly no changes were observed in the mesencephalic 
region, but anteriorly the preoptic region was not adequately explored in these 
experiments. Every change which was regarded as significant following 
amphetamine injection had all of the following characteristics: there was an 
increase in frequency and amplitude; this change was easily seen without 
counting frequency of the waves and persisted for at least 2 hr. (Schulte, Reif, 
Bacher, Lawrence & Tainter (1941) observed in rats that the increase in 
spontaneous locomotor activity after amphetamine injection lasted more than 
4 hr. Harris (1955) has also reported that depression of food intake due to this 
drug lasts for several hours.) In addition to the change in electrical activity 
from the medial hypothalamus, a pupillodilatation was frequently observed, 
especially when the drug was injected intravenously. 

Of interest to note, but difficult to explain, was the selective appearance of 
the so-called barbiturate spindles from the hypothalamus and adjacent areas 
of the diencephalon and mesencephalon (Fig. 3). The spindles appeared 
regularly when the animals were in light anaesthesia but disappeared at 
deeper levels, They were prominent in recordings from the thalamus and sub- 
thalamus, and from the hypothalamus with exception of the medial portion 
which responded to amphetamine. Only in a few cases where the position of — 
the electrodes was between the lateral and medial hypothalamus did barbitu- 
rate spindles appear, together with a change after injection of amphetamine. 
Figs. 4-6 show the distribution of the barbiturate spindles and the points 
where injection of amphetamine produced a change in the recorded activity. 
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Fig. 1. Change in electrical activity recorded from medial hypothalamus (A) of cat 28 after sub- 
cutaneous injection of 4 mg of amphetamine sulphate. Position B is in rostro-lateral hypo- 
thalamus; C is in caudo-lateral hypothalamus. Upper record before, lower record after 
injection. 
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Fig. 2. Increase in frequency and voltage of activity of medial hypothalamus (A) after intravenous 
injection of 3 mg of amphetamine sulphate, cat 32. Position B is in rostro-lateral hypo- 
thalamus; position C is in caudal hypothalamus in plane of fornix. 
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Fig. 3. ‘ Barbiturate spindle’ 
from region of fornix (A), but is absent in record from medial hypothalamus (C). 7'O, optic 
tract; CA, anterior commissure. 


DISCUSSION 


The changes in recorded activity from the medial hypothalamus following 
injection of amphetamine derivatives may not establish the action of these 
drugs on the feeding mechanism. However, when these results are added to 
what is known about the regulation of food intake, some suggestions can be 
made. Anand & Brobeck (1951) postulated that the ventromedial region of 
the hypothalamus contains the inhibitory part of a ‘feeding centre’, and that 
the lateral hypothalamus contains a more basic mechanism for food intake. 
One can thus assume that the depressing action of amphetamine on food 
intake may be brought about in different ways, namely, a direct or indirect 
excitation of the medial hypothalamus, or a direct or indirect depression of the 
lateral hypothalamus, or a combination of these two. The results reported here 
seem to confirm the first explanation, but it should be pointed out that the 
site of direct action of the drug cannot be determined by this type of experi- 
ment. The second and third explanation cannot be supported by our experi- 
ments, since no change in recorded activity was noted outside the medial 
hypothalamus. The most logical explanation seems to be that the medial part 
oi the hypothalamus is excited by amphetamine, either directly or indirectly 
by way of connexions to this part of the brain. Anand & Dua (1955) have 
recently reported a decreased food intake after electrical stimulation of the 
medial parts of the hypothalamus, which seems to correlate with our results. 
The observed changes after amphetamine could, of course, be due to a general 
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Figs. 4-6. Diagrams showing regions from which there were recorded ‘barbiturate spindles’ (@) 
and changes following amphetamine (w) Fig. 4. Section through rostral hypothalamus. 
Fig. 5. Section through tuberal region. Fig. 6. Section through mammillary bodies. Abbrevia- 
tions: CC, corpus callosum ; CJ, internal capsule; DM, dorsomedial nucleus of hypothalamus; 
En, entopeduncular nucleus; Fz, fornix; GL, lateral geniculate body ; HL, lateral hypothalamic 
area; MF'B, median forebrain bundle; Mm, mammillary body; Ped, cerebral peduncle; TM /’, 
mammillo-thalamic tract; 7'O, optic tract; VM, ventromedial nucleus of hypothalamus. 
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sympathomimetic effect. Adrenaline, however, injected intravenously in 
different amounts (0-5-1-5 ml. of a solution 1 : 10,000) did not produce any 
change in the recorded activity. 

The question whether or not amphetamine acts peripherally is not solved, 
but preliminary results have indicated that amphetamine only changes the 
shape of hunger contractions without their abolition (Brooks & Larsson, 
unpublished). 

The finding that the barbiturate spindles are present throughout the 
diencephalon with the exception of the medial hypothalamus is difficult to 
interpret. Very little is known as to the nature of the spindles; however, all 
reports seem to agree that at deeper levels of anaesthesia the barbiturate 
spindles diminish and later disappear (Derbyshire, Rempel, Forbes & Lambert, 
1936), an observation that is confirmed by our experiments. No explanation 
can be given for the fact that the ventromedial hypothalamus never shows any 
spindles. French, Verzeano & Magoun (1953) have found evidence for a 
selective action of some anaesthetics on the ascending activating system. Thus, 
they suggested that sodium pentobarbital inhibits the medial ascending path- 
ways to the brain, while the lateral ones are left unaffected or even augmented. 
The diffuse ascending system can be traced through the diencephalon (Starzl, 
Taylor & Magoun, 1951), but the exact distribution there is not clear, and it 
seems that the ventromedial hypothalamus is very little involved. As far as 
our experiments are concerned the barbiturate spindles were recorded only 
from the parts of the diencephalon known to contain this diffuse ascending 
system. It may be that the absence of barbiturate spindles in the medial 
hypothalamus and the change here after amphetamine administration mean 
that this part of the hypothalamus is not directly related to the ascending 
activating system. 

Some years ago it was observed that rats with lesions in the ventromedial 
hypothalamic nuclei show a very pronounced increase in activity and in the 
desire to eat during the period of recovery from the anaesthesia, in this case 
a barbiturate (Brobeck et al. 1943). This behaviour has not been explained; it 
may be related to the anaesthesia, or it may represent a release phenomenon. 
According to the theory of Anand & Brobeck (1951), lesions in this medial 
region could remove an inhibition and thus release the activating mechanism 
in the lateral hypothalamus. In a normal animal, amphetamine could act by 
stimulating the medial, inhibitory system. This scheme of probable action has 
been discussed by Brobeck (1955) elsewhere. 


SUMMARY 

1. Electrical activity from the hypothalamus and adjacent areas of the 

diencephalon has been recorded in cats anaesthetized with pentobarbitone 
or allobarbitone-urethane. 
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2. Administration of derivatives of amphetamine resulted in a change in 
the recorded activity of the medial parts of the hypothalamus. 

3. Barbiturate spindles were recorded from all the regions explored with 
the exception of the medial parts of the hypothalamus. 

4. The significance of the recorded change in electrical activity after 
amphetamine injection and the selective appearance of the barbiturate 
spindles is discussed in relation to the regulation of food intake. It is suggested 
that amphetamine excites the medial portion of the hypothalamus which 
contains an inhibitory part of a ‘feeding centre’. 
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ACTIVE IODIDE TRANSPORT ACROSS THE PLACENTA 
OF THE GUINEA-PIG, RABBIT AND RAT 


By J. LOGOTHETOPOULOS* anp R. F. SCOTT 
From the Pathology Department, the Postgraduate Medical School of London 


(Received 22 November) 


Jost, Morel & Marois (1952) provided evidence that 1 hr after an intravenous 
injection of I into pregnant rabbits the foetal plasma radioactivity was 
2-2-5 times higher than that of the maternal plasma. They advocated two 
possible mechanisms for the gradient: either a placental transport mechanism 
for iodide or the formation of organic compounds of ! I in the foetus. 

The following experiments demonstrate that the inorganic iodide in the 
guinea-pig, rabbit and rat is higher in the foetal than in the maternal plasma, 
and that the placental transport mechanism responsible for the gradient is 
inhibited by thiocyanate. 

In principle, the method was to label the maternal iodide space by a sub- 
cutaneous injection of carrier-free I, allow time for equilibrium across the 
placental barrier, and then measure the concentration of radioactivity in the 
foetal and maternal circulations. In order to eliminate the effect of organic 
binding of "I by the foetal and maternal thyroids on the establishment of 
an equilibrium of "I across the placenta, propylthiouracil was injected into 
the mother. 

The (Foetal/Maternal) plasma ratio (F/M) ‘I was presumed to approxi- 
mate to the true chemical ratio of iodide provided that: (a) a steady level of 
radioactivity was maintained in the maternal circulation; (6) there was 
sufficient time for establishment of equilibrium of specific activities of iodide 
across the placental membrane; and (c) the I in the foetal blood was in the 
same chemical and physical state as in the maternal blood. 

A short preliminary report has already been published (Logothetopoulos & 
Scott, 1955). 


METHODS 
Young adult female guinea-pigs, rabbits and albino rate of mixed origin were used. The day after 
mating was taken as the first day of the gestation period. Rabbits and guinea-pigs were fed on 
‘Research pellets’ supplemented for guinea-pigs with green vegetables daily. Rats were fed on 
‘Research rat cubes’ and given bread twice weekly. 
* Present address: Banting & Best Institute for Medical Research, Toronto 5, Canada. 
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Guinea-pigs. The guinea-pigs used were between the 36th and 65th day of their gestational 
period. Organic binding of ™I by the maternal and foetal thyroids was prevented by subcu- 
taneous injections of an alkaline solution of crystalline propylthiouracil (4 mg/100 g body weight) ; 
half the dose 40 min before and the remainder at the time of ™I injection. 1000 of carrier-free 
131] in 2 ml. of water were injected deep into the subcutaneous tissue of the right axilla. Sixty 
to 70 min later the animals were anaesthetized by an intraperitoneal injection of sodium pento- 
barbitone and by ether when necessary. The abdomen was opened in the mid-line and a sample 
of blood was obtained by cardiac puncture. The uterine wall over each foetus was incised along 
the surface opposite to the placenta, the foetal membranes were ruptured, and a sample of 
amniotic fluid taken for measurement of radioactivity. The exposed foetus was dried with filter- 
paper, and blood was collected in a heparinized centrifuge tube either by cutting the umbilical 
cord, or by opening the chest wall and puncturing the heart. A second blood sample was with- 
drawn from the mother after removal of the last foetus. The time interval between the first and 
second maternal blood samples varied between 15 and 25 min, depending on the number of 
foetuses. 

Rabbits. Essentially the same procedure was followed in experiments on pregnant rabbits, all 
of which were between the 23rd and 30th day of gestation: 3 mg of propylthiouracil per 100 g 
body weight being injected. Pentobarbitone (approximately 0-5 ml./kg) was given intravenously 
70-80 min after the ™"I injection (120-150yc carrier-free I in 3 ml. water subcutaneously). 
An additional maternal blood sample was taken from the ear vein 40 min after the ™ I injection. 

Rats, Pregnant rats were used at the 20th and 21st day of their gestational period. A dose of 
20 uo carrier-free “I in 1 ml. distilled water was injected into the right axilla 30 min after the 
injection of 20 mg propylthiouracil. Removal of the foetuses was commenced in one group 
45 min and in another group 75 min after the “I injection. Samples of foetal blood collected 
by cardiac puncture were pooled. A maternal blood sample was taken only after the removal of 
the last foetus. 

Animals without propylthiouracil. In five pregnant guinea-pigs and three pregnant rabbits 
131] was injected without any previous injection of propylthiouracil. 

Thiocyanate-treated animals, The following doses were used per animal: 75 mg NaSCN for 
guinea-pigs, 150 mg for rabbite and 25 mg for rats. A freshly prepared watery solution was 
injected subcutaneously at the same time as the propylthiouracil injections. 

Measurement of radioactivity. Maternal and foetal bloods collected in heparinized tubes were 
centrifuged, and 0-1-1 ml. samples of plasma transferred to standard 12 ml. vials and made up 
to 10 ml. with distilled water. Plasma from animals which had not been injected with propy!- 
thiouracil was diluted to 10 ml. with a carrier solution of 0-1% potassium iodide and 0-2% 
bovine albumen. Five ml. of 10% (w/v) trichloracetic acid was added and the precipitate 
separated by centrifuging. Only the radioactivity of the supernatant fluid was used for estima- 
tion of the (F/M) *"I ratio. A multi-tube gamma Geiger Miller ring counter (Veall & Baptista, 
1954) or a ring-type scintillation counter was used for counting the radioactivity, depending on 
the amount of plasma obtained. 

Calculation of (F/M) ™ I ratio. In guinea-pigs and rabbits the mean of the radioactivity con- 
centrations of maternal plasma before and after the removal of the foetuses was compared with 
that in the plasma of individual foetuses. In rats the radioactivity concentration of the maternal 
sample taken after the removal of the last foetus was compared with that of the pooled foetal 
blood. 

Chromatography of plasma. Untreated plasma samples were applied to Whatman No. 1 paper. 
They were developed with butanol-acetic solvent. After drying, chromatograms were brought 
into contact with X-ray films and these were then developed after an adequate exposure. 
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RESULTS 


Guinea-pigs. Fig. 1 summarizes in graphical form the results in guinea- 
pigs. The (F/M) “I ratios were consistently above unity and attained values 
of 4-5 in a few animals. The variation among foetuses of the same litter was 
smaller than the variation between litters from different animals. The radio- 
active concentrations of the maternal blood samples before and after removal 
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Fig. 1. (F/M) “I ratios in pregnant guinea-pigs of different gestation age. @, represent the mean 
value for the plasma of several foetuses of the same litter, the animals having been injected 
with propylthiouracil. ©, represent the mean value in untreated animals. A, represent 
the ratio in litters from animals injected with propylthiouracil and thiocyanate. 

of the foetuses were of about the same order in most experiments. A raised 

(F/M) **"I plasma ratio was found as early as the 36th day of gestation. The 

raised (F/M) I ratio was established in the five guinea-pigs in which no 

propylthiouracil was injected. In the four guinea-pigs in which NaCNS was 

injected the (F/M) 181[ ratio failed to reach unity. In all animals the I 

concentration in the amniotic fluid was only a small fraction of the I 

concentration in the maternal plasma. 

Rabbits. A similar pattern of results was found for rabbits (Fig. 2). How- 
ever, in two rabbits (F/M) "I ratios were found which did not exceed unity, 
although no thiocyanate injection was given. 

Rats. In rats the (F/M) ™ I ratio is below unity by 45 min and between 
1 and 1-5 by 75 min (Table 1). The (F/M) I ratios found in pregnant rats 
injected with 25 mg NaCNS were less than one-third of those of their control 
group (Table 1), 
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Fig. 2. (F/M) ™I ratios in pregnant rabbite of different gestation age. @, represent ratio for 
individual foetuses in litters from rabbits injected with propylthiouracil; ©, represent 
ratios in untreated animals; A, represent the ratio in animals injected with propylthiouracil 
and thiocyanate. 


Chemical state of the "I in the foetal blood 

The radioautographs of chromatograms from foetal and maternal plasmas 
of guinea-pigs and rabbits with a high (F/M) “I ratio showed single spots of 
the same Ry. These corresponded to spots obtained from non-radioactive 
guinea-pig plasma and a water solution of potassium iodide, both labelled in 
vitro with 111. 

Foetal plasmas were placed in collodion bags and dialysed against a multi- 
fold volume of distilled water at 4° C. Complete passage of the radioactivity 
through the membrane was observed. After trichloracetic acid. protein preci- 
pitation and centrifugation the radioactivity of the foetal plasma was 
recovered quantitatively in the supernatant fluid. 

Carrier potassium iodide was added to foetal plasma dialysates and to the 
supernatant fluid of the trichloracetic acid precipitates, and oxidized to |, 
with excess iodate at an acid pH. The radioactivity was quantitatively 
extractable into CCl, This meant that there was no organically bound “I 
present (Taurog, Chaikoff & Feller, 1947). 
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Foetal plasma from guinea-pigs and rabbits was sealed in a small collodion 
bag and allowed to equilibrate, with continuous mixing, against an equal 
volume of its corresponding maternal plasma for 15 hr at 4° C. The ™I 
concentration gradient established in vivo was abolished and the same 1] 
concentration was found in both plasmas after the dialysis-equilibrium. 


Tasce (F/M) ™*I ratios in rate 


Time (min) 
between 
181T injection 
No. of sin N 
0. inni o. of F/M) 

rats Treatment of operation foetuses 
6 Propylthiouracil 45 12 0-37 
8 0-41 

7 0-69 

8 0-87 

8 0-99 

10 1-00 

5 Propylthiouracil + thiocyanate 45 12 0-15 
8 0-17 

8 0-18 

ll 0-24 

ll 0-22 

5 Propylthiouracil 75 10 1-17 
8 1-24 

12 1-35 

9 1-36 

ll 1-46 

6 Propylthiouracil + te 75 12 0-27 

3 0-31 

12 0-33 

10 0-36 

8 0-42 

DISCUSSION 


The results show that the (F/M) I ratio in guinea-pigs and rabbits can be 
considered to represent a true chemical inorganic iodide ratio for the following 
reasons. The raised (F/M) 14] ratio was found in most pregnant animals when 
the maternal plasma radioactivity concentrations were steady or on a slightly 
rising curve. The chromatographic findings of foetal and maternal plasmas 
and the tests for identification of the form of “I in the foetal plasma indicate 
that the foetal 122] was of the same nature as that in the maternal plasma, 
namely in the form of inorganic iodide (I-). Equilibration of foetal plasma 
with its corresponding maternal plasma showed no evidence of any loose 
physico-chemical linkage to a specific foetal plasma protein and implied that 
foetal iodide was osmotically active. 

Active iodide transport by the placental membrane is responsible for the 
concentration gradient. In guinea-pigs the concentrating mechanism is 
manifested as early as the 36th day of gestation. We cannot make a com- 
parison of its efficiency at different gestational periods because of the small 
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number of animals used and the fixed time at which foetuses were removed 
after 41] injection, irrespective of their size. 

The blocking of thyroid binding of iodide proved unnecessary for establish- 
ment of the (F/M) ™I ratio. Ratios obtained from the guinea-pigs and 
rabbits in which thyroid binding of iodide proceeded during the equilibration 
of 181] across the placenta are of about the same order as ratios obtained from 
animals injected with propylthiouracil. 

Thiocyanate has a striking effect on the (F/M) “I ratio, either by inhibiting 
or competing with iodide for the placental transport mechanism. After its 
injection the iodide concentrations in the foetal and maternal circulations 
would tend to equalize by simple diffusion. Under these conditions a (F/M) 
131] ratio of about unity would have been expected at equilibrium. However, 
presumably due to a fall in the flux rates of iodide across the placenta, the 
(F/M) ™ I ratios found were significantly below unity 75-80 min after the 
181] injection. 

The results in rats suggest that a marked difference in iodide concentrations 
between foetal and maternal blood may not exist at the 20th or 21st day of 
their gestational period. Attempts to collect blood from foetuses at an 
earlier age were not successful. However, the (F/M) ™I ratios found in preg- 
nant rats after the injection of NaCNS reached only one-third of the values 
found in the control groups. This would exclude simple diffusion as the process 
underlying the exchange and transfer of iodide across the placenta in the rat. 

If the iodide concentrating mechanism proves to exist in the placenta of 
bigger mammals, a more accurate study of its kinetics should be technically 
possible. The effects of a low iodine diet and various hormones would be of 
interest. 

SUMMARY 

1. 481] was injected subcutaneously into pregnant guinea-pigs and pregnant 
rabbits, with and without a preceding propylthiouracil injection. 

2. Radioactivity concentrations were measured in the foetal and maternal 
plasmas 70-80 min later, and expressed as a (Foetal/Maternal) plasma (F/M) 
181] ratio. These ratios were found to be 1-5-5 at a time when the ™ I con- 
centrations in the maternal circulation were on a rising or steady level. 

3. After injection of sodium thiocyanate (NaCNS) the (F/M) ™ I ratios 
found were less than unity. 

4. In pregnant rats the (F/M) I ratios are not significantly higher than 
unity, but ratios of 0-3-0-4 only were found in animals injected with NaCNS. 

5. The "I in foetal and maternal plasma was shown to be present as the 
free iodide ion. | 

6. A placental transport mechanism for iodide, inhibited by thiocyanate, 
is postulated. 


One 

(R. F. 
indebte 
work ir 

| Jost, / 
10 
th 
TavRo 
| th 
VEALL, 

B 


IODIDE TRANSPORT ACROSS THE PLACENTA _ 371 


One of us (J. L.) is in receipt of a grant from the Medical Research Council, and the other 
(R. F. 8.) acknowledges a Fellowship of the National Research Council of Canada. We are 
indebted to Prof. J. H. Dible and Prof. C. V. Harrison for facilities provided to carry out this 
work in their department. Our particular thanks are due to Dr I. Doniach for many helpful 
discussions and suggestions during the experiments and the preparation of the manuscript. 


REFERENCES 


Jost, A., Monzr, F. F. & Marois, M. (1952). Nouvelles recherches a l'aide du radio-iode ™I 
sur la fonction thyroidienne du foetus de lapin décapité. C.R. Soc. Biol., Paris, 146, 1066- 
1070. 


Logoruetorou.os, J. & Scorr, F. (1955). Concentration of iodine-™I across the placenta of 
the guinea-pig and the rabbit. Nature, Lond., 175, 775-776. 

Tavroe, A., Cuarxorr, IL. The mechanism of iodine concentration 
by the thyroid gland: ite non-organic iodine-binding capacity in the normal and 
chiouracil- treated rat. J. biol. Chem. 171, 189-201. Propy!- 


Veaut, N. & Baptista, A. M. (1954) A multi-tube gamma counting a tus for small sam 
Brit. J. Radiol. 27, 198-199. 


5 
3 
\ 
« 
> 
a 
{ 
24-2 
“ 


372 
J. Physiol. (1956) 132, 372-378 


THE ACTION OF ADRENALINE ON MUSCLE BLOOD FLOW 
AND BLOOD LACTATE IN MAN 


By H. BARCROFT anp A. F. COBBOLD 


From the Sherrington School of Physwology, 
St Thomas’s Hospital Medical School, London 


(Received 25 November 1955) 


Intravenous infusions of adrenaline in man cause a large transient followed 
by a smaller sustained vasodilatation in skeletal muscle (Allen, Barcroft & 
Edholm, 1946; Whelan, 1952). According to Celander (1954) the sustained 
dilatation in cat’s muscle is probably secondary to an increase in the rate of 
carbohydrate metabolism and of lactic acid formation (Lundholm, 1949). In 
view of this we have compared the changes in the blood flow in the human 
forearm during intravenous adrenaline infusions with those in the lactate 
content of the venous effluent from the forearm muscles. 


METHODS 


Healthy men aged 20-30 years acted as subjects. Room temperature was about 22°C. Under 
local anaesthesia venepuncture was performed near the ante-cubital fossa, the needle being 
inserted towards the hand. A fine nylon catheter was threaded through the needle into a muscle 
vein (Mottram, 1955). Heparin saline was infused at the rate of 1 ml./min to prevent clotting. 
A plethysmograph was fitted to the same forearm and filled with water maintained at 34° C 
(Barcroft & Edholm, 1945). A second needle was inserted into a forearm vein in the opposite 
forearm through which 0-9% (w/v) saline was infused throughout the experiment at 3 ml./min. 
Adrenaline could be added to this saline so that it entered the vein at the rate of 10yug/min. 
Blood flows were recorded at minute intervals throughout the experiment, except immediately 
after the beginning of the adrenaline infusion when they were recorded every } min. Blood 
samples were obtained as follows. The circulation through the hand having been arrested, the 
catheter was disconnected from its infusion apparatus and about 1 ml. of blood was withdrawn 
to clear it of saline. A further 1-1} ml. of blood was withdrawn into a sterile lactate-free syringe, 
and was deproteinized as rapidly as possible with 10% trichloracetic acid to prevent accumula- 
tion of lactic acid. In most experiments there was an initial period of 20 min, followed by 4 
single infusion of adrenaline lasting for 25 min, and a final recovery period of 40 min. 
Altogether twenty-four blood samples were usually taken. Their timing is seen in Fig. 1. Four 
were in the preliminary rest period; six at the beginning of the adrenaline infusion, covering the 
phase of the initial vasodilatation; six more during the sustained dilatation and eight during the 
recovery period. At the end of every experiment a silver wire was passed down the catheter and 
the whereabouts of the catheter was established by X-ray photography. Blood lactates were 
determined by Hullin & Noble’s (1953) modification of Barker & Summerson’s method (1941). 
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Adrenaline i.v. infusion, 
20+ 10 jug/min Blood flow 


mi./100 mi./min 
T 


| 0 10 20 30 0 50 60 
Min 


Fig. 1. Results obtained in one subject showing the action of intravenous adrenaline on forearm 

| blood flow and on the lactate content of the blood from the forearm muscles. 0-9% NaCl 

| infused throughout the experiment. Blood samples taken at the points indicated by the 
short vertical lines on the time axis. 


Blood lactate 


0 5 10 15 20 E 5 10 15 20 25 30 
Fig. 2. Averaged results of experiments on eight subjects. 
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RESULTS 
Fig. 1 shows the results of a typical experiment. The results of eight experi- 
ments in which the catheter was in a muscle vein are shown in Table 1. Fig. 2 
shows the averaged results. 

In all subjects the forearm blood flow showed the typical response to intra- 
venous adrenaline, namely an initial transient followed by a sustained vaso- 
dilatation; after the infusion the blood flow decreased rapidly at first and 
then more slowly, to approach the pre-infusion level at the end of the recovery 


Adrenaline i.v. infusion, 
10 psg/min 
Sustained dilation 
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Min 
_ Fig. 3. Results obtained in four subjects showing the percentage change in blood lactate level 
during and after intravenous infusions of adrenaline. The black rectangle indicates the 
period corresponding to the initial transient dilatation. HZ, end of infusion. 
period. The response of the blood lactate also followed a regular pattern 
(Fig. 3). During the initial vasodilatation there was usually a small fall in 
lactate concentration. This was followed by a steady rise during the sustained 
vasodilatation, reaching a maximum at or just after the end of the infusion. 
Blood lactate declined steadily during the recovery period and reached the 
pre-infusion level in 20-45 min. . 
DISCUSSION 


Bell & Stead (1952) examined the effect of intra-femoral-artery adrenaline 
injections and infusions upon calf volume and lactate content of the femoral 
venous blood. The initial transient increase in calf volume was not accom- 
panied by any significant alteration in the blood lactate. The results we have 
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TaBLE 1. Forearm blood flow and lactate content of venous effluent from forearm muscles before during and after intravenous infusions of adrenaline 
Blood flow (ml./100 ml. forearm/min) 
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The figures for the blood flow and blood lactate before adrenaline are averages, so are those for the blood lactate during the initial vasodilatation. The figures for the blood 


flow during the initial vasodilatation are those for the greatest blood flow recorded. 
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obtained in the forearm are in accordance with those which Bell & Stead 
obtained in the calf. As we did not determine the lactate content of the 
arterial blood it is impossible to say what effect the adrenaline may have had 
upon the lactate output from the muscles during the initial transient vaso- 
dilatation. Further work is needed to clarify this point. 

It is well known that adrenaline given subcutaneously or intravenously 
increases blood lactate (Cori & Buchwald, 1930; Courtice, Douglas & Priestley, 
1939), and also that the lactate comes mainly from the skeletal muscles 
(Griffith, 1951). It is clear from the results which we have described that 
lactate enters the blood throughout the phase of sustained vasodilatation, 
and it appears from Fig. 2 that part of the sustained vasodilatation and most 
of the hyperaemia in the recovery period during the phase of gradual subsi- 
dence could be due to the action of vasodilator products of muscle carbo- 
hydrate metabolism, as for example lactic acid (McDowall, 1938). 

Other considerations also suggest that there may be a relation between 
muscle blood flow and carbohydrate metabolism. Hildes, Sherlock & Walshe 
(1949) found that intravenous infusions of adrenaline caused the breakdown 
of muscle glycogen and lactacidaemia. Since this did not occur when adrena- 
line was infused into the artery of a limb Hildes, Purser & Sherlock (1949) 
concluded that adrenaline has no direct effect on muscle glycolysis. It is 
possible that the rates of their intra-arterial infusions (average 7 .g/min) were 
rather large and their failure to find any direct effect of adrenaline on muscle 
carbohydrate metabolism may have been due to vasoconstriction in the limb. 
Nevertheless, their conclusion is in keeping with the results obtained by 
Whelan (1952), who found that only the initial vasodilatation was present 
during intra-arterial infusions. The absence of the sustained dilatation, 
coupled with the absence of a glycolytic effect under these conditions, supports 
the view that there may be a relationship between muscle blood flow and 
muscle carbohydrate metabolism. If this is so then the dilator substance may 
well be lactic acid, as our results show. 

The absence of the glycolytic effect and of the sustained vasodilatation 
during intra-arterial infusions of adrenaline also suggests that intravenous 
adrenaline may lead to the presence in the blood of some other substance 
which plays an important part in the development of the sustained vaso- 
dilatation. The existence of such a substance has been postulated by Whelan 
(1952) and by Celander (1954). 

Nothing definite is known about the nature of this substance (or substances). 
Celander (1954) suggested that intravenous adrenaline might release the sub- 
stance from the muscles themselves and, if this be so, it is possible that during 
intra-arterial infusions the amount released into the general circulation might 
be so small as to have a negligible effect. It is unlikely that the substance is 
histamine (Mongar & Whelan, 1953). Hildes, Purser & Sherlock (1949) and 
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also Whelan recalled that adrenaline released ACTH from the pituitary. 
Recently, Kitchin (1954) has shown that the sustained vasodilatation in 
muscles takes place normally when intravenous adrenaline is administered to 
hypophysectomized patients. We may be concerned here with the cycle liver 
glycogen->blood glucose-muscle lactic acid—liver glycogen, and it will be 
recalled that this cycle was first described in the rat following the subcuta- 
neous injection of adrenaline (Cori & Cori, 1928). Further work is needed 
to see if the sustained vasodilatation in man is connected with the action of 
adrenaline on carbohydrate metabolism in the muscles and in the liver. 


SUMMARY 


1. Simultaneous determinations of the rate of the blood flow in the fore- 
arm and of the lactate content of the venous effluent from the forearm muscles 
have been made before, during, and after intravenous infusions of adrenaline. 

2. During the infusions there was a large transient followed by a smaller 
sustained vasodilatation. After the infusions the blood flow decreased 


abruptly at first and then subsided gradually to approach the initial level in 
about half an hour. 


3. Muscle blood lactate did not change significantly during the transient 
dilatation. During the sustained vasodilatation it increased progressively. 
Following the infusion it subsided gradually, reaching the pre-infusion level 
in about half an hour. 


4. The results are discussed, and it is suggested that the sustained vaso- 


dilatation may be caused in part by products of muscle carbohydrate meta- 
bolism. 


The authors gratefully acknowledge the co-operation of the subjects and financial assistance 
from the Medical Research Council. 
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BLOOD FLOW TO THE KNEE JOINT OF THE DOG. 
EFFECT OF HEATING, COOLING AND ADRENALINE 


By A. F. COBBOLD anp O. J. LEWIS 


From the Sherrington School of Physiology, and the Department of Anatomy, 
St Thomas’s Hospital Medical School, London, S.E. 1 


(Received 6 January 1956) 


Little is known of the physiology of the blood flow to the joints, mainly 
through lack of a suitable animal preparation for study. Attempts have 
been made to estimate the joint blood flow indirectly in man by the measure- 
ment of intra-articular temperatures (Horvath & Hollander, 1949), and by the 
application of the plethysmograph to a knee segment (Bonney, Hughes & 
Janus, 1952). 


METHOD 


Nine adult dogs anaesthetized with pentobarbitone sodium (50 mg/kg) were used. The main 
source of the blood supply to the knee joint of the dog is the articular branch of the femoral artery, 
So of the dessending estery of Raman. 
This vessel arises from the femoral artery just before it passes under cover of the 

muscle and descends along the posterior border of the vastus medialis muscle, supplying one or 
two branches to it, and finally enters the medial aspect of the knee joint (Fig. 1). 

Measurement of blood flow. One hindlimb was skinned, the skin being removed down to a point 
below the knee joint, After all skin vessels had been tied off, the skin was replaced and the joint 
kept at rectal temperature by surrounding it with pads of lint soaked in warm 0-9 % (w/v) saline. 
The femoral artery and its branches were exposed and ligatures tied at point (a) (Fig. 1) on the 
femoral artery, at (b) the origin of the saphenous artery, and on the small muscular branches (c). 
The afferent and efferent leads of a flow meter were inserted into the femoral artery proximal to 
the origin of the saphenous artery. Heparin (1000 units/kg) was then given intravenously and 
flow established through the bubble flow meter (Bruner, 1948). Blood flow was measured by 
timing with a stop-watch the transit of a small air bubble between fixed points, enclosing a known 
volume, on the flowmeter tubing. 

In this preparation almost all the blood flowing through the meter reaches articular structures 
only. This was checked in all experiments when, just before the dog was killed, the dyestuff 
Monastral Fast Blue (BNVS Paste, I.C.I.) was injected into the flowing blood at its point of entry 
into the meter. Dissection then showed that most of the dye was located in the blood vessels in the 
synovial membrane; lesser amounts were found in the capsular ligament, accessory ligaments, and 
the extremities of the bones. A very small amount of dye was sometimes found in the insertion 
of the rectus femoris muscle to the patella. 

Heating of the joint was accomplished by radiant heat, by the application of packs soaked in 
hot (65° ©) saline, or by circulating water at 60° C through a tube of thin rubber dam wrapped 
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round the joint. In one dog short-wave diathermy was employed. The joint temperature was 
lowered by packing crushed ice around the external surface. 

Injections of adrenaline were made into the distal tube of the flowmeter. 

Blood pressure was recorded from the carotid artery using a mercury manometer, and flows 
were measured only during times when the blood pressure remained constant. 


Fig. 1. Dissection of medial aspect of right knee-joint of a dog with a portion of sartorius 
removed. The inset shows the femoral artery and its main branches. F, femoral artery; 
8S, saphenous artery; A, articular branch of femoral artery; RF, rectus femoris; VM, vastus 
medialis; Sa, sartorius; SM, semimembranosus; AM, adductor magnus. Ligatures are tied 
at a, 6 and c to isolate joint blood flow. 


RESULTS 


Resting blood flow. Table 1 shows the rate of blood flow to the knee joint 
structures of the anaesthetized dog (1-5-7 ml./min). These figures are taken 
from dogs showing a steady level of flow, maintained for longer than 30 min, 
with the knee-joint temperature at its normal value. 

Effect of heating. When the temperature of the joint was increased the blood 
flow increased (Fig. 2). The temperature must be markedly raised to obtain 
a measurable increase in flow, changes of less than 10° C having little effect. 
Even with a high external temperature (60-65° C) the percentage change in 
flow was small compared with the values obtained for cooling (Table 1). On 
removing the heat source the flow returned to the control level. 

Effect of cooling. Rapid cooling of the joint by ice packs caused a con- 
siderable diminution of flow (Fig. 3, Table 1). The flow decreased steadily 
to about half the initial value and thereafter remained constant. However, 
in some experiments the flow fell, rose, and fell again; a type of behaviour also 
described for skin blood vessels in response to low temperatures (Lewis, 192%). 
After removing the ice packs the flow returned slowly to the control level, 
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partly owing to the delay in returning to normal temperature; but this delayed 
return also occurred when the joint was quickly restored to its resting 
temperature. 

Adrenaline injected intra-arterially close to the knee joint in doses of 
0-1g produced a marked vasoconstriction of short duration. Doses of 0-2 ug 
and above increased this effect and caused the flow to stop completely for 
a short time (Fig. 4). 


TaBLE 1. The blood flow to the knee joint of the anaesthetized dog. Resting values and percentage 
changes in response to heating and cooling the joint 
Mean Maximum percentage change in flow 


Dog wt. resting flow 
no. (kg) (ml/min) Heating 60°C. Cooling 0°C 

4 9-5 1-5 +57 — 62 

5 31 3-9 +40 — 55 

6 13 70 +50 — 

7 25 3°5 +20 — 60 

8 17 5-0 +22 — 55 

9 22 2-5 +15 - 50 

ca Joint heated (63° C) 

8 

L 


5 10 15 
Minutes 
Fig. 2. Percentage increase in blood flow throughout a period of heating the knee-joint to 63°C, 


Joint cooled Joint rewarmed 


8 8 


Blood flow (% decrease) 


8 


0 5 10 15 20 25 
Minutes 
Fig. 3. Two experiments on the same dog to show percentage decrease in blood flow when the 
joint was cooled with ice packs and subsequently rewarmed to 39° C. 
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Adrenaline intra-arterial injection 
0 ————O- 
02 ug 
\ 
= \ 
\ 
\ 
0 2 4 6 8 


Minutes 


Fig. 4. Percentage decrease in joint blood flow produced by close intra-arterial injection of 
adrenaline in doses of 0-1 and 0-2 yg. 


DISCUSSION 


The results described above show that, at least in regard to response to 
temperature change and to intra-arterial adrenaline, the joint blood vessels 
behave like those of the skin. The relatively high rate of blood flow suggests 
that the articular tissues are possibly not as inert in their metabolic processes 
as is generally supposed, and it would be interesting to know the relationship 
between this high flow and the rate of secretion of the synovial fluid. 

The behaviour of the joint circulation when the external temperature of the 
joint is increased was studied by Horvath & Hollander (1949), whose work 
implies that the blood vessels here dilate in response to cold and constrict 
to heat. They found that the application of a hot pack to the knee joint in man 
caused a fall in the intra-articular temperature, whilescold packs raised this 
temperature. This is not supported by the results of Hunter & Whillans (1951), 
using the same technique, since they observed that the joint temperature fell 
when their subject was exposed to cold, and this they attributed to a reflex 
superficial vasodilatation resulting in a short period of excessive heat loss. 
According to our results, however, the decrease in the intra-articular tem- 
perature would be due to the constriction of the joint vessels in response to 
cooling. We have not observed joint blood vessels behave in the way supposed 
by Horvath & Hollander. In their plethysmographic study of flow in a knee 
segment Bonney et al. (1952) found that cooling the segment enclosed in the 
plethysmograph resulted in a fall in blood flow and heating gave the reverse 
effect. Because they found a similar decrease in flow when the circulation to 
the skin of the segment was suppressed by adrenaline iontophoresis, and 
further found that after this procedure cooling no longer decreased the blood 
flow, Bonney e al. suggested that there might be different reactions to cooling 
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by articular and the superficial vessels. The direct measurement of flow in our 
preparation does not support this view. 

The use of the knee segment in the plethysmograph as a method for 
measuring the joint blood flow is open to the obvious disadvantage that 
considerable amounts of other tissues are enclosed. Bonney et al. give the 
figure of 54%, by volume as tissue other than skin and muscle, but of this 
only 15% of the total volume is true joint tissue. The results we have obtained 
with adrenaline throw some doubt on the accuracy of the method of Bonney 
et al. The direct determination of the flow response to intra-arterial adrenaline 
shows a simple vasoconstriction of the joint vessels. The plethysmographic 
method used on the knee segment showed a dilatation as the response to 
intravenous injection of 5yg of adrenaline. This result of Bonney et al. dis- 
agrees with the present result, and we believe that the increase in flow which 
they observed may have been in the muscle enclosed in their plethysmograph. 
It is significant that the response they found to adrenaline shows a pattern 
which is typical of muscle and is not found elsewhere (Allen, Barcroft & 
Edholm, 1946). For these reasons it would appear that the use of the whole 
knee mass is not satisfactory for the determination of joint blood flow. 

The knee joint of the dog prepared in the way described above has been found 
to provide a simple and satisfactory preparation for the study of the blood 
flow to articular structures, and offers a method for study of a relatively little © 
known part of physiology. 

SUMMARY 

1. A preparation is described for the direct measurement of blood flow to 
the knee joint of the dog. 

2. The resting level of flow to the knee joint varied in six dogs from 
ml./min. 

3. A rise in the temperature of the joint caused an increase in blood flow, 
and a fall in temperature a decrease in flow. 

4. Adrenaline administered intra-arterially caused a constriction of joint 
blood vessels. 


Our thanks are due to Prof. H. Barcroft, F.R.S., and Prof. D. V. Davies for their advice and 
encouragement. 
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THE OUTPUT OF LYMPHOCYTES FROM THE LYMPHATIC 
SYSTEM OF THE RABBIT 


By R. HUGHES, A. J. MAY anv J. G. WIDDICOMBE* 


From the Microbiological Research Department, Ministry of Supply, 
Porton, Wilts 


(Received 7 December 1955) 


There is an extensive literature on the rates of lymphocyte liberation into the 
blood stream (see Drinker & Yoffey, 1941; Yoffey, 1950, for references). In the 
rabbit Sanders, Florey & Barnes (1940) cannulated the thoracic duct and 
measured the lymphocyte output; they concluded that this was sufficient to 
replace the blood lymphocytes about five times per day, or that the lympho- 
cytes existed for less than 5 hr in the blood. This latter figure was an over- 
_ estimate, since the right lymphatic duct, subclavian ducts and cervical ducts 
also pass lymphocytes into the circulation, and there may be routes of entry 
other than the lymphatic vessels. In the experiments to be described the 
importance of the right lymphatic duct as a source of blood lymphocytes has 
been assessed, and the output of lymphocytes in subclavian lymph measured. 
In this way it is possible to estimate more accurately the blood life-span of the 
lymphocyte in the normal rabbit. 


METHODS 
There is considerable variation between different rabbits in the detailed anatomy of the lymph 
nodes and lymphatics draining any particular site, It was therefore necessary to make many 
dissections (after displaying the lymphatics with Evans Blue) before the methods of collecting 
lymph described below were established; and the anatomical descriptions apply to the majority, 
but not all, of the rabbits used. 

Right lymphatic duct. Most of the lymph from the peritoneum, diaphragm, lungs and mediasti- 
num enters the right lymphatic duct (Courtice & Simmonds, 1954). Cannulation of this duct is 
difficult in the rabbit. The fact that lymph in the duct often contained chyle suggested that 
communications with the thoracic duct were present, and that if the right lymphatic duct were 
ligated flow would be diverted to the left side. These cross tions could sometimes be 
seen if the lymphatics were displayed by introducing Evans Blue (T 1824) solution into the lungs. 
We therefore ligated the duct and at a later date cannulated the thoracic duct; the lymph so 
collected came from the areas of drainage of both vessels. 

Ligation of the right lymphatic duct was done under pentobarbitone sodium (32-40 mg/kg) or 
thiopentone sodium (20-50 mg/kg) anaesthesia. In a minority of experiments the intact duct was 
address: Department of Physiology, St Bartholomew's Hospital Medical College, 
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_ ¢learly seen, and it was tied off and the incision closed. In most rabbits attempts to isolate the 


duct would probably have led to its rupture, since it is a delicate vessel buried in fat. If, therefore, 
the duct was not seen early in the dissection the great veins were tied off (right jugular, subclavian 
and innominate) and a ligature tied roynd the site of entry of the duct. Apart from a few early 
experiments this was always effective in occluding the right lymphatic duct. The venous 
drainage from the right forelimb and right jugular area was diverted to the left side of the neck 
with dilatation of venous channels. No difference in results was observed between the two methods 
of ligation. 

The assumption that ligation of the right lymphatic duct diverted its lymph to the thoracic duct 
was supported by several observations. If the lymphatic system in the upper mediastinum was 
dissected out (after displaying with Evans Blue) from 7 to 10 days after operation, about half the 
rabbits had greatly distended lymphatic vessels culminating in a cul-de-sac at the ligature. In 
these rabbits and in those without lymphatic distension, channels passing from te  apmecnel 
lymph nodes to the thoracic duct were clearly seen. After 10-14 days the 
while the anastomoses remained patent. It was concluded that rabbits in which the distension was 
seen had initially few or no connexions between the two sides of the chest, while those in which 
distension was absent had anastomoses large enough to take up the increased lymph flow without 
great engorgement. Furthermore, if Evans Blue solution was introduced into the lungs via the 
trachea or injected into a mediastinal lymph node it rapidly appeared in thoracic duct lymph in 
operated rabbits, whereas in normal rabbits the right lymphatic duct became blue much earlier 
than the thoracic duct. In addition, lymph flow and lymphocyte output from the thoracic duct 
were greater in operated rabbits than in normal ones. Therefore, although it was impossible to say 
that all the lymph previously passing to the right lymphatic duct was now entering the thoracic 
duct (there might have been small channels not detected on dissection) it was concluded that most 
of it took this route. 

Thoracic duct. The thoracic duét was cannulated with fine polyethylene tubing, or with a stain- 
leas steel cannula attached to tubing, both being previously filled with heparin solution, 10 mg/ml. 
Pentobarbitone sodium was used for this operation, and the anaesthesia continued as long as 
lymph drainage was satisfactory. The rate of lymph flow was recorded at $ hr or 1 hr intervals, and 
lymphocyte counts done on freely flowing lymph in the middle of each period. White cell and 
differential counts were made on blood from an ear vein. Two counts were made on each blood and 
lymph sample. 

Subclavian duct. The right subclavian lymphatic duct was cannulated with polyethylene tubing, 
and the tubing passed behind the manubrium sterni round the left side of the neck beneath the 
skin, to appear at the back of the neck; this prevented the rabbit from tearing out the cannula. 
The operation was carried out under thiopentone sodium anaesthesia, and on recovery the rabbit 
was placed in an open-mesh metal box, 14 by 44 by 44 in., with food and water. Lymph flow and 
lymphocyte output were measured either with the lid of the box down (at night) so that the rabbit 
was in the prone position and its movements were limited to eating and drinking and to re-adjust- 
ment of its position in the box; or with the lid of the box off (during the day) so that the rabbit sat 
up and moved its forelimbs, but was unable to walk about. 

Protein estimations were made by micro-Kjeldahl analysis. 


RESULTS 
Thoracic and right lymphatic duct output 
Attempts to cannulate the right lymphatic duct were generally unsuccessful, 
but in three experiments the rates of flow from the cannulated duct were 0-46, 
0:35 and 0-24 ml./hr, and lymphocyte counts on three lymph samples were 
39,500, 39,800 and 43,600 cells/mm*. For technical reasons it is uncertain how 


far these figures represent conditions in normal rabbits. 
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The results on lymph flow and lymphocyte production are given in Table 1. 
There is close agreement between our thoracic duct results and those of 
Sanders et al. (1940) who found a daily replacement factor of 4-6 for normal 
anaesthetized rabbits. In rabbits with the right lymphatic duct tied there was 
a small increase in mean lymph flow from the thoracic duct. The lymphocyte 
counts were, however, nearly doubled and the lymphocyte output more than 
doubled. This increased lymphocyte output from the thoracic duct was partly 
associated with a lymphocytosis, since the post-operative rabbits had a mean 
blood lymphocyte count of 7480/mm*, compared with 5160 for normals. The 
daily replacement factor was increased by ligation of the right lymphatic duct 
from 4-4 to 6-8. This is the number of times per day that the blood lymphocytes 
would be replaced by thoracic duct lymphocytes, assuming a blood volume of 
60 ml./kg (Armin, Grant, Pels & Reeve, 1952). 


Tasie 1. Lymph and lymphocyte output from the thoracic duct 
The figures are means for each group of rabbits, with standard errors of the means. The daily 
replacement factor is calculated from the measured blood lymphocyte count of each rabbit before 
anaesthetization, and assuming a blood volume of 60 ml./kg. Lymph flows and lymphocyte 
outputs are per kg body weight, to allow comparison of results. The average weight of the rabbits 


was 2:5 kg. Blood Lymphocyte 
lymphocyte Lymph lLymphlympho- output Daily 
No. of count flow cyte count (cells/kg/ replacement 
expts. (cells/mm*) (ml./kg/hr) (cells/mm?) day x 10-*) factor 
Normal 7 5160 (+267) 1-6(+0-37) 32,300(44300) 13-1(43-6) 44(+41-39) 
i 10 7480(+440) 2-1(+0-29) 59,100(46000) 29-5(44-7) 68(+1-22) 
¢ duc 


If the lymph from the thoracic duct is diverted from the blood stream, an 
association between lymphocyte output and the fall in blood lymphocytes 
should be present. It is difficult to show this in the rabbit owing to fluctuations 
in blood lymphocyte levels. Like Yoffey (1935) and Sanders et al. (1940) we 
found that anaesthesia and surgery often lowered the blood lymphocyte count 
to half its previous value and produced great variations in level. We also found, 
however, that 2-3 hr after cannulation of the thoracic duct the blood lympho- 
cyte count stabilized at about 800-1200 cells/mm® (Fig. 1). Too few experi- 
ments were done to show if there was a significant difference between animals 
with and without the right lymphatic duct ligated. Up to 6 hr after operation 
these values scarcely fell. Thus at least 20%, of the lymphocytes circulating in 


the blood are derived from neither the thoracic duct nor the right lymphatic 
duct. 


Right subclavian duct output 
Cannulating the subclavian duct made it possible to measure lymph and 
lymphocyte output therefrom in the unanaesthetized rabbit. Table 2 summarizes 
our results. In the sitting position lymph flow was considerably greater than 
in the prone position, but since the lymph lymphocyte counts were lower the 
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Blood lymphocyte count (x 10?/mm*) 


3 

2+ 

1- 

0 1 2 3 4 5 


Time (hr) 

Fig. 1. Changes in blood lymphocyte level in anaesthetized rabbits after cannulation of the 
thoracic duct. x, normals, means of six rabbits: ©, with right lymphatic duct tied to divert 
lymph to the thoracic duct, means of five rabbits, with standard deviations given by the 
vertical lines. The values at zero time were obtained before anaesthetization; zero time 


corresponds to the start of lymph drainage. 


TasLe 2, Lymph and lymphocyte output from the right subclavian lymphatic duct 
The figures are means of measurements made during each experiment, and are divided into two 
groups (prone and sitting positions) according to the degree of movement permitted to the rabbits. 
The daily replacement factor is calculated assuming a blood volume of 60 ml./kg, and a blood 
lymphocyte count of 5000 cells/mm*. Lymph flows and lymphocyte outputs are per kg body 
weight to allow comparison of results. The average weight of the rabbits was 2-3 kg. 


Lymphocyte 
Lymphocyte output Daily 
Duration Lymph flow count (cells/kg/ replacement 

Expt. (hr) (ml./kg/hr) (cells/mm*) dayx10-*) factor 

45 42 0-18 24,800 1-06 0-35 

47 2 0-36 50,800 4-33 1-45 

51 27 0-23 — 

53 23 0-21 70,000 3-51 1-17| Prone 

59 0-48 13,800 1-57 0-52 position 

60 59 0-30 49,600 3-60 l 

61 94 0-37 24,700 2-19 0-73 

Mean _ 0-30 38,950 2-71 0-90 

45 42 0-37 

51 27 0-74 22,000 3-92 . 

53 23 0-59 22,500 3-18 

60 59 0-58 19,300 2-68 

61 94 0-61 26,400 3-84 
Mean — 0-58 22,500 3-41 
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lymphocyte output was not very different. Over periods of an hour or more 
the cell output was not dependent on lymph flow; this can be seen from the 
mean figures in Table 2, and was also apparent in individual rabbits. Thus 
rabbit no. 60 had lymph lymphocyte counts from 16,400 to 71,700/mm® and 
lymph flows from 0-27 to 1-37 ml./hr. But the cell output only varied from 
3-75 to 6-66 x 108 cells/day over a period of 59 hr. There was no progressive 
change in these values over the durations of the experiments, and the values for 
the two rabbits (47 and 59) in which the experiments continued only for a short 
time did not differ greatly from those in which the experiments lasted several 
days. Our figures for subclavian lymph lymphocyte counts agree well with 
those of Menkin & Freund (1929) for anaesthetized rabbits. They recorded 
counts from 9000 to 55,000/mm* (mean 19,100), but did not measure rates of 
lymph flow. 

The protein content of subclavian lymph was measured on thirty-two 
samples in nine rabbits. A mean value of 3-55 g/100 ml. (s.z.m.= + 0-20) was 
obtained. In most experiments higher concentrations were present in the 
lymph samples collected overnight, i.e. when the lymph flow was slowest. 
A mean value of 3-88 g/100 ml. (9 rabbits, 14 samples) was obtained, compared 
with 3-28 g/100 ml. (9 rabbits, 18 samples) for the daytime samples. The mean 
difference between day and night samples in individual rabbits differs signifi- 
cantly from zero (¢=2-67, 8 p.¥., P= <0-05). The only published figures for 
the protein content of lymph from rabbits’ legs are quoted by Drinker & 
Yoffey (1941). They found a mean concentration of 1-26 g/100 ml., but only 
two experiments are reported. z 


DISCUSSION 


Our results on lymphocyte output confirm the conclusion of Sanders et al. (1940) 
that ‘the daily utilization of the lymphocytes must be even greater than that 
calculated solely from the numbers of cells entering the blood by the thoracic 
duct’. When right lymphatic duct lymph was diverted to the thoracic duct the 
daily replacement factor was nearly seven, so that if these two ducts were the 
sole source of blood lymphocytes the cells would exist for only 3 hr in the 
blood on average; the post-operative rabbits showed a lymphocytosis but this 
should not invalidate the calculated daily replacement factor unless the blood 
life-span of the cells were changed. 

Drainage of thoracic and right lymphatic duct lymph only reduced the 
blood lymphocyte level to about 800-1200 cells/mm‘, so it is concluded that 
a high proportion of lymphocytes enters the blood by routes other than the 
two main lymphatic ducts. Anaesthesia and surgery resulted in a great 
reduction in the blood count, so had the rabbits been unanaesthetized the 
reduced blood lymphocyte count would have been well over 800-1200 cells/mm’. 
More than 20%, and possibly as much as 50% of blood lymphocytes must 
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come from other sources than the thoracic and right lymphatic duct. This 
conclusion is based on the assumption that blood lymphocytes from all sources 
have approximately the same life-span in the blood. 

The right subclavian lymphatic duct has an output of about 7 x 10° cells/day 
in a 2-3 kg rabbit (see Table 2, in which the figures for lymphocyte output 
must be multiplied by the mean body weight, 2-3 kg). Assuming that the left 
subclavian duct and the cervical ducts have a similar output (the latter drain 
at least as much lymphoid tissue) then the lymphocyte output from these four 
vessels would be about 28 x 10° cells per day, and the daily replacement factor 
for these ducts would be 4-0 assuming a blood lymphocyte count of 5000. This 
gives a total daily replacement factor for all six lymphatic channels draining 
into the blood of about eleven. This surprisingly high figure corresponds to 
a blood life-span of about 2 hr. The changes in blood lymphocyte level shown 
in Fig. 1 support this, since the blood count took about 2 hr to stabilize at its 
low level. 

It is appreciated that these figures are only approximate, and are based on 


_ a number of assumptions. Results from anaesthetized and unanaesthetized 


rabbits have been compared although, since the lymphocyte output from the 
subclavian duct did not vary greatly with lymph flow over a wide range, this 
comparison seems justified ; anaesthetization depresses rather than stimulates 
lymphocyte output (Drinker & Field, 1933). Dr B. C. Whaler has given us 
permission to include unpublished results of his which are relevant here. In 
two unanaesthetized rabbits with the cervical thoracic ducts cannulated for 
periods of 22 and 23 hr respectively, he obtained daily replacement factors of 
4-2 and 5-2 for blood lymphocytes. These values do not differ greatly from our 
figures for anaesthetized rabbits with cannulated thoracic duct and intact 
right lymphatic duct (Table 1). The great variation between different rabbits 
which other workers have found is apparent also in our results, but sufficient 
experiments have been done to emphasize the extremely short life-span in the 
blood of the rabbit lymphocyte. 

We were surprised to discover that rabbit’s subclavian duct lymph contains 
over 3:5 g protein/100 ml. It is unlikely that there is alteration in the protein 
content of the lymph as it passes through the lymph node, so the tissue fluid of 
the rabbit’s forelimb must have a considerably higher colloid osmotic pressure 
than is usually accepted for other species. The protein content was higher at 
night when the lymph flow from the limb was slowest. With a rapid lymph 
flow during unrestricted movement the protein content might be lower than 
the values we have found for caged rabbits.. 
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SUMMARY 


1. Lymph and lymphocyte output from the thoracic duct have been 
measured in anaesthetized rabbits. Lymph from the right lymphatic duct was 
first diverted to the thoracic duct, and the latter cannulated. 

2. The combined lymphocyte output from both these ducts was 
29-5 x 108 cells/kg/day. 

3. Lymph and lymphocyte output from the cannulated right subclavian 
duct have been measured in unanaesthetized rabbits. The mean lymphocyte 
output was 3-06 x 108 cells/kg/day. 

4. It is concluded that the rabbit lymphocyte lives for only about 2 hr in the 
blood stream. 

5. Lymph from the right subclavian duct contained 3-5 g protein/100 ml. 


We are grateful to Prof. J. M. Yoffey and to Brigadier F. E. Buckland for reading the 
manuscript and for their helpful criticism. 
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THE EFFECT ON THE ELECTRICAL ACTIVITY OF THE 
CEREBELLUM OF A SUBSTANCE PRESENT IN 
CEREBELLAR EXTRACTS 


By J. CROSSLAND anp J. F. MITCHELL 


From the Department of Physiology, Bute Medical Buildings, 
The University, St Andrews 


(Received 20 December 1955) 


The more general acceptance of the chemical hypothesis of synaptic trans- 
mission has been accompanied by the recognition that acetylcholine is 
probably not the only mediator of impulse transmission across central 
synapses. Though many of the anatomically defined regions of the brain 
contain appreciable amounts of ACh, suggesting a widespread distribution of 
cholinergic neurones, the cerebellum, notwithstanding a high cell density, is 
poor in ACh (MacIntosh, 1941; Feldberg & Mann, 1946; Crossland & Merrick, 
1954) and has a low choline acetylase activity (Feldberg & Mann, 1946; 
Feldberg & Vogt, 1948). While synaptic organization in the cerebellum might 
be such that impulse transmission is achieved with smaller ‘quanta’ of ACh 
than elsewhere in the nervous system, it is also possible that the low ACh 
content of the cerebellum reflects a sparse distribution of cholinergic neurones, 
and a correspondingly high density of non-cholinergic elements in this part of 
the brain. If this is so, and if synaptic transmission in the cerebellum is 
chemical in nature, the cerebellum should provide a relatively rich source of 
at least one transmitter substance other than ACh. It might reasonably be 
expected that one characteristic of such a compound would be its ability, 
when suitably administered, to stimulate cerebellar activity. 

The experiments described in this paper demonstrate the presence, in 
extracts of the mammalian cerebellum, of a substance which, on intra-arterial 
injection into the decerebrate preparation, causes marked stimulation of the 
cerebellum as evidenced by an increase in its spontaneous electrical activity. 
The properties of the active substance enable it to be distinguished from such 
of those compounds commonly found in tissue extracts which have been 
sufficiently well characterized to allow the necessary comparisons to be made. 
In particular, it has been shown to be not identical with histamine, substance P 
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or adenosinetriphosphate (ATP). Each of these three compounds has been 
favoured, by different groups of workers, as a possible synaptic transmitter 
substance from the central ends of posterior root fibres which, like the 
cerebellum, contain little ACh. A preliminary account of this work has been 
communicated to the Physiological Society (Crossland & Mitchell, 1955). 


METHODS 
Preparation of extracts 
At the outset of the present study it had to be assumed that any active substance in the cerebellum 
might be unstable and subject to rapid post-mortem autolysis. For this reason, the early experi- 
ments were carried out with crude extracts of the brains of anaesthetized rabbits and cats, and 
the interval between excision of the parts of the brain and their transfer to the extraction medium 
was kept as short as possible. The active material detected in such extracts was later shown to 
occur in the cerebellum of recently killed animals, and the sheep extracts briefly referred to below 
were prepared from slaughtered animals, the brains being removed within 30 min of death. 

Rabbits and cats were anaesthetized either with pentobarbitone sodium (50 mg/kg by intra- 
venous or intraperitoneal injection) or with ‘ Dial’ (Ciba) administered intraperitoneally in doses 
of 0-6 ml./kg, corresponding to 70 mg/kg of diallylbarbituric acid and 280 mg/kg of urethane. 
They were then widely craniotomized and the whole of the brain anterior to the cerebellum was 
removed. The cerebral hemispheres were removed and they and the remaining tissue—called for 
convenience of description the ‘upper brain-stem’—were weighed and separately ground into 
10% (w/v) trichloroacetic acid (2 ml. acid/g tissue). The cerebellum was then removed, and 
similarly treated, the decerebrate animal in the interval following removal of the rest of the brain 
having been kept in as good a condition as possible. The three extracts were allowed to stand for 
1-1} hr at room temperature after which they were centrifuged. Excess trichloroacetic acid was 
removed from the supernatant solution by repeated shaking with small quantities of ether. Final 
traces of ether were removed in a stream of air. The extracts were stored in the frozen state and 
were thawed, neutralized and suitably diluted immediately before injection into the test animal. 
A control solution was prepared by mixing 0-8 ml. of 0-9% (w/v) sodium chloride solution with 
2 ml. trichloroacetic acid and subjecting this mixture to the same process of ether extraction and 
dilution as the brain extracts themselves. A more adequate control to the active cerebellar 
extracts, however, was furnished by acetylcholine-free extracts of other parts of the brain. 

In some experiments the brain tissue was extracted by grinding with 0-9% sodium chloride 
solution and boiling the suspension for 2 min. This was cooled, centrifuged and the supernatant 
solution used as before. On two occasions the brain of a pentobarbitone-anaesthetized rabbit was 
frozen in situ with liquid oxygen and the frozen brain extracted with trichloroacetic acid, as 
described by Crossland & Merrick (1954). A warning should be given to any who contemplate 
the use of these methods that it was erroneously stated in that paper that the rabbit heads were 
‘surrounded with large wads of cotton-wool’. Glass-wool was actually used: cotton-wool and 
liquid oxygen form a dangerously explosive combination. 

The acetylcholine content of the brain extracts was assayed on the neostigminized frog-rectus 
preparation with the usual precautions against the effect of sensitizing substances. ACh doses 
mentioned in the text refer to the chloride. 


Test preparation 
Brain extracts, and substances of pharmacological interest, were tested by their effect after 
intra-arterial injection on the electrical activity of the cerebellum of the decerebrate rabbit. 
The most appropriate arterial route into the cerebellum would clearly be by way of the basilar 
artery. Although it was found possible, following the method of McDonald & Potter (1949), to 
expose this vessel in large rabbits, the operation resulted in the cerebellum losing much of its 
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ability to respond to excitatory substances, Even a slight deterioration in the general condition 
of the animal was accompanied by a serious loss of sensitivity. Moreover, it was found preferable 
to use young animals, weighing not more than 1-5 kg in this work, as they yielded preparations 
with the most sensitive and long-lasting cerebellar activity. In such animals the operative 
difficulties of exposing the basilar artery made it virtually impossible to produce a preparation 
capable of responding for periods of up to 24 hr as demanded by our experiments. For this reason 
injections were made into the internal carotid artery. The fact that, in the rabbit, this vessel 
is the chief source of supply of the circle of Willis; the absence, in this species, of any rete mirabile 
between the external and internal carotid arteries (Schmidt & Hendrix, 1937); the relatively large 
size of the posterior communicating artery and the length of the basilar artery (McDonald & 
Potter, 1951) all combine to make this route less inappropriate than might at first sight appear. 


TABLE 1. Relative amounts of Evans blue taken up by different parts of the 
brain of the rabbit 


(Dye injected into the internal carotid artery during occlusion of the vertebral arteries.) 


Expt. (%) (% (%) 
1 14 40 47 
2 21 38 42 
3 10 39 51 
4 il 34 54 
5 15 35 50 


Injections into the internal carotid artery were made during temporary occlusion of the vertebrals. 
Experiments with the dye T1824 (Evans blue) indicated that, under these conditions, about 
50% of any injected material reached the cerebellum. Table 1 shows the distribution of Evans 
blue, determined colorimetrically after extraction from the brain tissue following its injection 
into the internal carotid artery. Further, dye was injected at the end of many successful experi- 
ments and its distribution determined by visual inspection. On all occasions, the cerebellum was 
seen to be more deeply stained than any other area of the brain. Most of the dye was confined to 
the side of injection. 

The animals were anaesthetized with ether and the trachea cannulated. One internal carotid 
artery was cannulated for injection; blood pressure records, when required, were taken from the 
common carotid artery of the same side. The rabbits were then decerebrated, after a wide 
craniotomy, at mid-collicular level. In some experiments, as much of the brain anterior to the 
line of decerebration was removed as was consistent with preservation of the arterial circle; in 
others, the whole brain was left in situ. When brain tissue was removed the resulting cavity was 
lightly packed with haemostatic gauze or with bone wax. In order to preserve a high level of 
spontaneous cerebellar activity after decerebration the vertebral arteries were only intermittently 
clamped and then only for the minimum period required to arrest haemorrhage. Respiration was 
mechanically assisted when necessary. 

The electrical activity of the cerebellum is very dependent on blood pressure (Dow, 1938), and 
in the present series of experiments a preparation rarely responded to injections containing 
substances known to be active if the blood pressure fell below 55 mm Hg. Attempts to keep the 
blood pressure of unsatisfactory preparations above this level, by the continuous intravenous 
infusion of ephedrine (2-5 mg/kg/min), met with little lasting success and the method was finally 
abandoned, Those preparations which did not spontaneously maintain a reasonably high blood 
pressure were discarded. 

In the early experiments the electrical activity of the cerebellum was led off from wick electrodes 
in direct contact with the exposed anterior lobe of the cerebellum. Later, better results were 
obtained from needle electrodes, inserted into the bone overlying the cerebellum. Such electrodes 
prevented distortion of the record due to movement of the animal, which often followed injection 
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of active substances. The cerebellar activity was recorded simultaneously by oscilloscope, by an 
Ediswan pen-writing oscillograph and by loud speaker, using conventional amplifier arrangements. 

All injections were administered in a volume of 0-1 ml. and at a temperature of 37° C: they 
were given as rapidly as possible from a ‘Tuberculin’ syringe, operated either mechanically or by 
hand. The tubing connecting the syringe to the carotid cannula also had a volume of 0-1 ml. 
The substances to be injected were first transferred to this tubing and the injection completed, 
after occluding the vertical arteries, by displacement from this dead space by 0-2 ml. of 0-9%, 
sodium chloride solution at 37° C with which the syringe had been re-charged. Injections were 
not begun until the animal had blown off all traces of ether and the interval between successive 
injections was kept constant at 5-10 min. 


Assessment of records 

The cerebell tion described in this paper was highly sensitive to small quantities of active 
material. The sensitivity, however, varied in the course of a single experiment, apparently random 
fluctuations being superimposed on a well-marked tendency for the preparation to be less sensitive 
at the beginning of an experiment, possibly because of a residual depression of cerebellar activity 
from the preliminary anaesthesia, and at the end, when blood pressure was falling. To avoid 
spurious results from this cause the order of injections in any experiment was planned beforehand 
to allow the ‘ bracketing’ of responses. Thus, injection of an extract of a given area of the brain 
might be preceded and followed by an injection of the control solution; extracts of cerebellum 
might be bracketed between equivalent doses of ACh, and so on. Any given bracket was always 
repeated several times throughout the course of a single experiment. In order to avoid, as far as 
possible, the effect of observer bias in the production and in the necessarily subjective interpreta- 
tion of the records, it was arranged that the person making any series of injections was unaware 
of the nature of the solution he was administering. The unlabelled records were then given to two 
independent observers, who made a crudely quantitative evaluation of the responses on a 
numerical scale, ‘0’ signifying ‘no response’, ‘3’ a very strong response and ‘1’ and ‘2° corres- 
ponding intermediate effects. Most of the records were assessed independently by both observers, 
who also reported on the time interval between the giving of the injection and the appearance of 
any response, and on the duration of the latter. The information and conclusions appearing below 
were derived from an analysis of all the records made, save a few which were rejected because the 
injection provoked so much movement in the animal that the movement artifact completely 
obscured the intrinsic cerebellar response. 


RESULTS 
The electrical activity of the cerebellum 

Since the work of Adrian (1935) and of Dow (1938), it has been recognized 
that the fluctuations of potential in the cerebellum are the fastest in the nervous 
system, reaching frequencies of up to 300 c/s. Faithful reproduction of such 
activity is beyond the capabilities of the ordinary pen-writing oscillograph. 
The present experiments demanded the production of a large number of 
permanent records, each representing several minutes of activity, and it would 
have been impracticable to process the mass of film which photography of 
such a number of records would have involved. Fortunately, our purpose was 
limited to the detection of major changes in the level of cerebellar activity, 
and these could be quite adequately recorded by the pen-writing machine. 

Fig. 1a shows a typical picture of the electrical activity of the cerebellum 
as recorded by the oscilloscope. It is made up of two main components, one 
of low amplitude with a frequency which has ranged between 150 and 230 c/s, 
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and the other of higher amplitude and a frequency of 40-60 c/s. Only the 
latter component was recorded by the pen-writing instrument, a tracing from 
which is reproduced in Fig. Ic. 

Stimulation of the cerebellum by an active brain extract was accompanied 
by a marked increase in the amplitude of both components and a slight 
increase in their frequency, more especially that of the faster rhythm. The 
most characteristic feature, however, was the appearance of rapid, high- 
amplitude spikes (Fig. 16). This spike activity was recorded, in a distorted 
form, by the pen-writing oscillograph to give records of the type shown in 
Fig. 1d. There was not a one-to-one relationship between the spikes appearing 


0-1 sec [50 uv 


Fig. 1. Oscilloscope (a and 6) and Ediswan pen-oscillograph (c and d) records of the electrical 
activity of the cerebellum of the decerebrate rabbit, before (a and c) and after (b and d) 
injection of an extract of 20 mg of cerebellum. 


_on the oscilloscope and those recorded on paper, for while a single spike might 
cause a single ‘flick’ of the pen, a group of spikes appearing in very rapid 
succession might equally be represented by a single pen movement. Despite 
the obvious limitations of the pen-writing machine, the monitoring, with 
oscilloscope and loud speaker, of many hundreds of paper records has made it 
clear that the extent of any change appearing in them provides a reasonable 
measure of changes in cerebellar activity. 

Low-frequency rhythms in the cerebellum have been reported by several groups of workers. 
Some (e.g. Dow, 1938) have regarded slow activity as a signal of pathological change; some (e.g. 
Cooke & Snider, 1954) maintain that it is present in the normal animal, but that it is dependent on 
cerebro-cerebellar connexions which would be severed by mid-collicular decerebration, and yet 


others that it is characteristic of the intrinsic activity of the completely de-afferented cerebellum 
(Brockhart, Moruzzi & Snider, 1951; Spiegel, 1937). It is clear from a study of the published 
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records that different forms of slow activity can arise in a variety of circumstances. The slow 
waves recorded in the present study seem to be a normal component of cerebellar activity, for 
they have been detected both before and after decerebration, and were as evident in the fresh as 
in the deteriorating preparation. 

The pronounced changes in cerebellar activity have been taken to represent 
cerebellar stimulation. This conclusion is supported by the fact that muscular 
movements occurred in the rabbits concomitantly with the electrical changes. 
These did not consist of a simple change in muscle tone, but were very similar 
to those reported by Miller (1937) following the application of physostigmine 
to the exposed anterior lobe of the cerebellum of the decerebrate cat, and are 
most fittingly described in his words: ‘Almost at once the right foreleg was 
thrust forward, the left likewise but more slowly. The hind legs relaxed 
promptly, then stiffened, later relaxed and stiffened alternately.’ A period 
of relative electrical silence, of about 1 min duration, frequently followed 
cerebellar stimulation. 

Control solution {SO 

a | 1 sec 


Extract of cerebral hemispheres (20mg) 


P ACh-free extract of cerebral hemispheres 
sec 


Fig. 2. Pen-oscillograph records of the electrical activity of the cerebellum of a decerebrate 
rabbit before and 16 sec after the intra-carotid injection of: (a) 0-1 ml. control solution; 
(6) a trichloroacetic acid extract of 20 mg of rabbit cerebral hemispheres; (c) the ACh 
equivalent (0-05yug) of the extract; (d) trichloroacetic acid extract of 20 mg of cerebral 
hemispheres after removal of ACh by brief boiling at pH 11. 


Effect of brain extracts 

Figs. 2-4 illustrate the results of a typical experiment. After the injection 
of an extract of 20 mg of cerebral hemispheres (Fig. 25) the electrical activity 
of the cerebellum underwent a considerable augmentation. That this effect 
was due to ACh was indicated by the similar action of 0-05 ug of ACh (Fig. 2c), 
the amount known, by previous bio-assay, to be present in 20 mg of the extract. 
Further evidence for the participation of ACh came from the observation that 
brief boiling of the extract, made alkaline (pH 11) with n-sodium hydroxide, 
a treatment which destroyed its ACh, abolished its excitatory activity (Fig. 2). 
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Fig. 3 demonstrates the precisely similar results obtained with an extract of 
upper brain-stem, and it can be again concluded that its excitatory action was 
due to its contained ACh. With an extract of cerebellum, however, a different 
picture emerged. An extract of 20 mg of cerebellum had an excitatory action 


16 
sec 
Extract of upper brain stem (20 me) 


ACh (0-03 ug) 
16 


d ACh-free extract of upper brain stem 
sec 
Fig. 3. Same rabbit as in Fig. 2. Effects of an extract of upper brain-stem (b) before 
and (d) after removal of its ACh. 
Control solution 4 
a | 1 sec 
. Extract of cerebellum (20 mg) | 
sec 
ACh (0-01 jig) 
ACh-free extract of cerebellum 


Fig. 4. Same rabbit as in Figs. 2 and 3. Effects of an extract of cerebellum. Note the lack of 


any effect of the ACh equivalent of 20 mg of cerebellum (c) and the activity of the alkali- 
treated cerebellar extract (d). 


similar to that produced by the extract of cerebral hemispheres and of upper 
brain-stem (Fig. 46), but the ACh content of the cerebellar extract (0-01 yg) 
was well below the threshold required for cerebellar excitation (Fig. 4c), and 
alkali treatment of the cerebellar extract caused no obvious diminution in its 
excitatory power (Fig. 4d). 

Fig. 5 summarizes the results of a total of 308 injections administered in the 
course of experiments on twenty-nine rabbits. Separate brain extracts were 
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prepared from twenty-one animals. Of fifty-five injections of control solution, 
92-5°% were assessed as having no effect on the cerebellum. The remaining 
7-5% were reported as producing ‘slight excitation’. A generally similar 
distribution of responses was shown by extracts of cerebral hemispheres and 
brain-stem, after removal of their contained ACh, and by the subthreshold 
doses of ACh found in the cerebellar extracts. The untreated extracts of 20 mg 
of cerebral hemispheres and brain-stem, equivalent doses of ACh and cerebellar 
extracts, both before and after alkali-treatment, all gave a pattern of responses 


Extract Extract 
of of — 
cerebral upper brain 
Untreated so} hemispheres stem cilitien 
extract (21) cis (53) 
100 “TELL | | | | 
75 
(55) ACh 
50 equivalent SOF (30) (18) (15) 
Control 
ACh-free Sot] (18) (22) (57) 
extract 
25 
0 


0.4.2. 2. @ 


Fig. 5. Summary of the results of twenty-nine experiments. Each histogram shows the percentage 
of each type of response provoked by the injections of control solution, brain extracts and the 
ACh equivalents of the extracts. The actual number of each type of injection is given in 


brackets on the appropriate histogram. ‘0’ =no response, ‘1’ =slight response, ‘2’ =strong 

response, ‘3’=very strong response (see text). 
which, similar among themselves, were quite different from that of the control 
solution. Of responses in this group a large number, varying from 53°% (for 
extracts of cerebral hemispheres) to 78% (for the ACh equivalent of the upper 
brain-stem) of the total, were described as representing ‘strong’ or ‘very 
strong’ cerebellar excitation. Similar results were obtained with brain extracts 
from cat and sheep. These results make it appear likely that the excitatory 
action of extracts of cerebral hemispheres and of upper brain-stem is due to 
ACh, whereas that of extracts of cerebellum is due, not to ACh but to some 
other, alkali-stable, substance. 

The response of the electrical activity of the cerebellum to injections of 
active substances seems to possess something of the nature of an all-or-nothing 
reaction. Thus, while doses of up to 0-02 ug of ACh or extracts of up to 15 mg 
of brain tissue were ineffective, doses of 0-03-0-09 ug of ACh, or extracts of 
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20-60 mg of brain all had strong, but not obviously graded, effects. Higher 
doses of ACh or of brain extracts tended to depress the record. Conclusions of 
a quantitative nature from the present results can therefore be only tentative: 
but it is worth remarking on the fact that the minimal effective dose of a 
cerebellar extract, whose excitatory activity is not due to ACh, is apparently 
the same as that of those areas of the brain whose effect is attributable to ACh. 
This apparent equipotency of extracts of cerebellum and of other areas of the 
brain is further supported by the figures of Table 2, which summarize the time 
relations (latency and duration) of the excitatory effects, and which emphasize 
the similarity of the time-course of the responses to ACh, and to extracts of all 
parts of the brain, including the cerebellum. It can be seen from Table 2 that 
the time-course of the ACh effect was independent of the vehicle (saline or 
ACh-free brain extracts) in which the substance was administered. The relative 
intensity of the response was also, as far as present methods can show, 
unaffected by the presence of tissue extracts. 


Tas_Le 2. Time course of excitatory actions on the cerebellum 
Interval between 
injection and 
appearance of response, Duration of response, 


mean + 8.E. mean + 8.B. 

Nature of excitatory injection of mean (sec) of mean (sec) 
Extract of cerebral hemispheres 10-8 + 1-9 (15) 12-5 + 2-4 (15) 
Extract of upper brain-stem 12-2+2-5 (16) 13-142-1 (15) 
Extract of cerebellum before boiling with alkali 13-6 + 2-4 (38) 11-941-0 (38) 
Extract of cerebellum after boiling with alkali 12-0+ 2-1 (39) 13-9 + 1-4 (39) 
Acetylcholine 13-3 + 1-2 (39) 10-4+ 1-0 (31) 
Acetylcholine + acetylcholine-free brain extracts 13-0 + 2-2 (12) 10-9 + 1-8 (12) 
Histamine 61-5441 (26) 18-1 + 2-2 (26) 
Histamine + acid-treated cerebellar extract 71-7 45-2 (11) 21-6 + 2-2 (11) 


In none of the experiments was there any evidence of regular changes in 
blood pressure following administration of active substances, and the effects 
described seem therefore to be due to an action on cerebellar neurones. In 
support of this view is the fact that, in some more recent experiments, active 
extracts have been shown to exert their usual effect when applied topically to 
the exposed cerebellar cortex. 

There is a suggestion (Fig. 5) that extracts of cerebral hemispheres retain 
some of their stimulating action on the cerebellum even after removal of their 
contained ACh. Confirmation of this possibility would not be surprising, for 
it is hardly to be expected that a substance with the potency of the active 
constituent of cerebellar extract would be entirely absent from other regions 
of the nervous system. 


Properties of the active substance in cerebellar extracts 
The experiments described have established that the active substance in 
cerebellar extracts is alkali-stable. It was also found to be stable to boiling 
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in neutral solution but was destroyed by brief (2 min) boiling at pH 5-5 or 
below. At room temperature there was no detectable loss of activity within 
2 hr in acid solution, even at pH 1-5—the approximate acidity of a homogenate 
of brain and 10%, trichloroacetic acid in the proportions adopted in the extrac- 
tion procedure. The destruction of activity in cerebellar extracts by boiling in 
an acid solution gives a convenient method of producing a control solution, in 
which single substances can be dissolved for comparison of their effects with 
that of active cerebellar extracts. An inactivated extract was made use of in 
this way in the experiments described in the next section of this paper. 

When an active extract of 200 mg of cerebellum was incubated at 37° C 
and pH 7-4, with 100 mg of fresh, homogenized rabbit cerebellum, an appreci- 
able loss of activity occurred within the first hour of incubation, and destruc- 
tion was complete within 2 hr. That the inactivation was enzymic in nature is 
suggested by the fact that no detectable loss of activity occurred during a 
2 hr incubation of an active extract with a boiled homogenate of cerebellum. 

The possibility that the activity present in cerebellar extracts arose as a 
post-mortem artifact was excluded by the finding that the extracts made from 
the brains of rabbits frozen in situ with liquid oxygen were as active as those 
obtained by extraction of unfrozen tissue. While the activity of excised 
cerebellum remained unaltered over a period of several hours, if left undisturbed 
at room temperature, it rapidly disappeared when the excised cerebellum was 
frozen in liquid oxygen and then allowed to thaw. This result is similar to that 
found for brain ACh (Crossland, 1951; Crossland, Pappius & Elliott, 1955) and 
suggests the possibility that the active substance is, in the intact cell, protected 
from enzymic inactivation in the same way that ACh is protected from cholin- 
esterase. The cellular disruption which occurs during the thawing of liquid- 
air-frozen tissue apparently allows enzyme and substrate to come into active 
contact. The active material in the cerebellar extracts could not be extracted 
from fresh tissue by simple grinding of the cerebellum with a saline solution 
but was rapidly liberated if the ground mixture was brought to the boil. The 
cerebellar excitatory substance was found to be insoluble in ether and acetone, 
but soluble in absolute alcohol and in acid-alcohol. 

Trichloroacetic acid extracts of the medulla, striated muscle, intestinal 
muscle and mucosa, liver, spleen and uterus had no action on the electrical 
activity of the cerebellum, after destruction of their contained ACh, at dose 
levels of up to three times those at which cerebellar extracts were active. 


Effect of amines, ATP and propionylcholine 
on the electrical activity of the cerebellum 
The cerebellum was found to be quite unresponsive to 5-hydroxytryptamine 
(given at various dose levels within the range of 0-1-0-4yug); adrenaline 
(0-01-0-05.g); thiamine (0-03-0-06g); ATP (20-100ug), and propionyl- 
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choline (0-05-0-2 4g). The amount of any of these compounds present in an 
extract of 20-40 mg of brain tissue could reasonably be expected to fall well 
within the dose range mentioned above, even allowing for such an unlikely 
event as that the whole of the activity in brain extracts, assayed on the frog- 
rectus as ACh, was in fact due to propionylcholine. All these substances were 
ineffective whether they were injected in a saline solution or in a cerebellar 
extract previously inactivated by brief boiling at pH 4. 


Before 
injection 
{ 1 sec. 


b | Histamine (0-04 ug) 
sec 


Fig. 6. Effect of histamine (0-04 ug histamine base) on the electrical activity of the 
cerebellum of a rabbit. Cerebellar excitation occurred only after a delay of 65 sec. 


Histamine, on the other hand, in doses of 0-04-0-08 ug had a pronounced 
excitatory action on the electrical activity of the cerebellum (Fig. 6), but the 
effect differed from that evoked by ACh and by brain extracts in that the 
appearance of the response was delayed (Table 2). In the early experiments 
histamine was injected in 0-9°% (w/v) sodium chloride solution, and it seemed 
possible that the response to histamine occurred much later than that evoked 
by brain extracts because of the presence in the latter of substances increasing 
the permeability of the blood-brain barrier, or otherwise facilitating the 
cerebellar response. However, with injections of histamine dissolved in 
inactivated cerebellar extracts, the time relations of the electrical response 
were not significantly affected (Table 2). The action of histamine on the 
cerebellum was abolished by chlorcyclizine (‘Diparalene’) in doses of 1-5 mg/kg 
intravenously administered. The responses to ACh and to ACh-free cerebellar 
extracts were unaffected by this treatment. 
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DISCUSSION 


The results presented in this paper have demonstrated that extracts of the 
cerebellum of the rabbit, cat and sheep contain a pharmacologically active 
substance other than ACh, which has the property of activating the cerebellum. 
The active substance is not Substance P, 5-hydroxytryptamine, adrenaline or 
noradrenaline, as all these compounds occur only in very small quantities in 
the cerebellum compared to some other parts of the central nervous system 
(Amin, Crawford & Gaddum, 1954; Vogt, 1954). Although the distribution of 
these four substances has been determined largely on dogs, recent experiments 
by Garven (1956) suggest that the distribution of Substance P and 5-hydroxy- 
tryptamine follows the same pattern in rabbit as in dog brain. Further, 
Substance P, 5-hydroxytryptamine, adrenaline and noradrenaline are all 
unstable to boiling in an alkaline solution but are stable to acids under 
conditions which destroy the cerebellar factor. Neither adrenaline nor 
5-hydroxytryptamine had any action on the electrical activity of the cere- 
bellum, while 5-hydroxytryptamine, unlike the cerebellar factor, is soluble in, 
and can be extracted from tissues by, dry acetone (Erspamer, 1940). 

In view of recent interest in the suggestion that ATP might be involved as 
a chemical mediator at certain non-cholinergic synapses (Holton & Holton, 
1954) the exclusion of ATP as. the cerebellar factor is important. Reliable 
information on the distribution of ATP in different areas of the brain is scanty, 
but a comparison of the amounts found in cerebral hemispheres and in whole 
brain provides no evidence that it is concentrated in the cerebellum. Nor did 
ATP have any detectable effect on the electrical activity of the cerebellum. 
ADP would be present, as a result of post-mortem breakdown of ATP, in most 
of the extracts used in our experiments. It would not occur, however, in 
extracts of cerebellum frozen in situ in liquid air (Kratzing & Narayanaswami, 
1953), though these extracts proved to be at least as active as those prepared 
from unfrozen tissue. 

Florey (1954) has recently described the extraction, from mammalian 
nervous tissue, of excitor and inhibitor principles which he has named 
Substance E and Substance I respectively. He has suggested, though the 
comparison has not yet been made in detail, that the excitatory fraction might 
be identical with Substance P. Whether this is so or not, it is evident that the 
active constituent of cerebellar extracts cannot be identified with Substance E, 
which is present in the cerebral hemispheres in at least as high a concentration 
as in the cerebellum. Moreover, Substance E is stable to boiling at pH 5. 
Substance I is similarly found in large amounts in the cerebral hemispheres. 
It is also acid-stable and soluble in ether. Although Substance I appears to 
have an excitatory action on the hypoglossal nucleus, its predominant action 
on nervous activity is inhibitory in nature. It apparently penetrates the blood- 
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brain barrier only slowly and is active on central nervous system preparations 
only after topical application (Florey & McLennan, 1955). Finally, Substance I 
has been found to have no direct action on the electrical activity of the cerebral 
cortex (Florey & McLennan, personal communication), whereas intra-arterial 
injection of the cerebellar factor does result in increased cortical activity 
(Crossland & Mitchell, unpublished experiments). 

The action of histamine is interesting for it is the only substance, apart 
from ACh and the active agent in cerebellar extracts, which has, so far, been 
found to have an effect on the electrical activity of the cerebellum. There is 
ample evidence to exclude histamine itself as responsible for the effects of 
cerebellar extracts. Histamine is acid-stable and, in the small amounts in 
which it is active on the cerebellum and in the presence of tissue extracts, 
unstable to boiling in alkali; the action on the cerebellum of histamine, but 
not of cerebellar extracts, was blocked by an anti-histamine and the long 
latency of the cerebellar response to histamine contrasted with the relatively 
early response to ACh and brain extracts. The possibility that the cerebellar 
factor has some relationship to histamine cannot, however, be excluded. In 
this connexion it is relevant to point out a curious discrepancy in the literature 
relating to the distribution of histamine in the central nervous system. 
Kwiatkowski (1943) reported the presence of histamine in the cerebellum of the 
dog and cat in amounts of 1-5—-2-0yg/g in contrast to the rest of the central 
nervous system, in no part of which he could detect more than 0-3 g/g. More 
recently, Harris, Jacobsohn & Kahlson (1952) have found only minute amounts 
of histamine in the cerebellum of the dog and cat, though their results for the 
histamine content of other regions of the nervous system agree closely with 
those earlier reported by Kwiatkowski. Although Kwiatkowski appears to 
have determined the histamine content of the cerebellum on only three animals, 
the divergence between his results and those of Harris et al. remains sufficiently 
striking to give rise to the suspicion that the histamine-like activity of his 
cerebellar extracts might have been derived from the cerebellar excitatory 
substance encountered in the present study. The final test solutions used by 
Kwiatkowski could not have contained the active substance itself, for his 
extraction process was based on that of Barsoum & Gaddum (1935), which 
involves boiling the extract in a strongly acid solution, though the possibility 
that the active principle in the cerebellum is a conjugated compound from which 
histamine is liberated on acid hydrolysis has not been completely excluded. 

Like ACh the cerebellar factor seems to be bound to protein or to lipo- 
protein, for it can be extracted by trichloroacetic acid, alcohol or boiling saline 
solution, Excised cerebellum retains its activity for several hours; excised 
whole brain similarly retains its ACh. Freezing of brain tissue in liquid air, 
followed by rapid thawing, causes the rapid loss of both substances, apparently 
by an enzymic process. Such properties are probably common to maf = 
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constituents of nervous tissue, but a more striking parallelism between ACh 
and the cerebellar factor is the apparent equivalence of their effects on the 
electrical activity of the cerebellum, both in the extent of their excitatory 
actions and in the time-course of their development. The specificity of the 
effects described in this paper is underlined by the fact that, notwithstanding 
the very high sensitivity of the cerebellum to ACh and to cerebellar extracts, 
no other substance studied, with the single exception of histamine, has been 
found to have any action on the electrical activity of the cerebellum. 

The demonstration, in extracts of the cerebellum, of a substance capable of 
activating the cerebellum, must be taken into account when considering the 
problem of central transmission by mediators other than ACh. No useful 
conclusion concerning the physiological function of the active cerebellar factor 
can, however, be reached until its nature and sine have been more fully 
studied. 

SUMMARY 

1. Rabbit, cat and sheep brain extracts, ACh, histamine, adrenaline, 
thiamine, ATP and propionylcholine were injected into the internal carotid 
artery of the decerebrate rabbit during temporary occlusion of the vertebral 
arteries. Their effect on the cerebellum was determined by recording its 
electrical activity. 

2. Extracts of cerebral hemispheres and upper brain-stem had a pro- 
nounced excitatory action on cerebellar activity when injected in amounts 
corresponding to 20-40 mg of fresh tissue. The effect was due to their con- 
tained ACh which was active in doses of 0-03-0-05 yg. 

3. Extracts of cerebellum had a quantitatively similar effect to extracts of 
cerebral hemispheres and of upper brain stem. The effect was not due to ACh 
nor to any other substance hitherto identified in extracts of nervous tissue. 

4. The substance responsible for the effect of cerebellar extracts was stable 
to boiling in solutions less acid than pH 5-5. In more acid solutions it was 
relatively stable at room temperature but was destroyed by boiling for 2 min. 
Evidence for its enzymic destruction by homogenates of cerebellum and for its 
combination with protein in the living animal was also obtained. The active 
substance did not arise as a post-mortem artifact. 

5. Of all other substances studied, only histamine (0-04—0-08 ug) had an 
excitatory action on the cerebellum, and the delay between injection and the 
appearance of the histamine response was much longer than with injections 
of ACh or brain extracts. 

It is a pleasure to acknowledge our indebtedness to Prof. A. E. Ritchie for his critical interest 
and cheerful encouragement. 

This work was carried out during the tenure by one of us (J. F.M.) of a maintenance grant from 
D.8.LR. to whom his thanks are due, We are indebted to Mr D. R. Marshall who prepared for us 
samples of propionylcholine chloride and iodide, to Mr P. R. Carnegie for his valuable assistance 
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painstaking assessment of many hundreds of records. 
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A SIMPLE METHOD FOR REANIMATING ICE-COLD 
RATS AND MICE 
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From the National Institute for Medical Research, Mill Hill, London, N.W.7 
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Until recently it was supposed that adult non-hibernating mammals succumbed 
to hypothermia when the deep body temperature fell below about 15° C and 
that cardiac and respiratory arrest were fatal to them. Then Andjus (1951) 
reported from Belgrade that he had resuscitated rats with colonic temperatures 
between 0° and +2°C, and after the heart and breathing had been at a 
standstill for 40-60 min. Work at the National Institute for Medical Research 
confirmed and extended Andjus’s original findings. Apparatus and techniques 
were devised which permitted complete revival and long-term survival of 
75-100 %, of adult rats after periods of suspended animation at body tempera- 
tures close to zero (Andjus, 1955; Andjus & Lovelock, 1955; Andjus & Smith, 
1955; Goldzveig & Smith, 1956). In all the methods so far used, of which 
microwave diathermy proved the most effective, the cardiac area of the chest 
was heated preferentially and artificial respiration was administered to the 
rats. The underlying principle was to restore heart beats and circulation before 
rewarming the whole body, in order to keep oxygen demands at a low level 
until supplies were readily available to the tissues. 

The same principle was at first applied to resuscitation of hamsters from 
body temperatures below 0° C. When the cardiac area was heated locally in 
animals which had frozen for longer than 15 min, complete revival was not 
effected. When, on the other hand, the whole body was heated by means of 
conventional short-wave diathermy, hamsters frozen for 16-38 min recovered 
fully (Smith, Lovelock & Parkes, 1954). It was subsequently found that 
hamsters progressively frozen for as long as 50 min could be resuscitated not 
only by this means, but also by gently rewarming the whole body under 
a 100 W bench lamp (Smith, 1956). It was clear, therefore, that local heating 
of the heart was neither necessary nor desirable in the partially frozen hamster 
with arrested respiration and circulation. The question then arose whether 


* Present address: Facultad de Medicina Veterinaria, Universidad de Chile e Instituto de 
Investigaciones Veterinarias, Santiago de Chile. 
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local cardiac heating was as essential as we had hitherto supposed for resusci- 
tating rats and other non-hibernating mammals from a state of severe hypo- 
thermia and suspended animation. Experiments have now been carried out 
to investigate this problem. 


MATERIAL AND METHODS 


Animals. Hooded rats ranging in weight from 59 to 190 g were used. The mice used weighed 
between 22 and 38-5 g and belonged to two different albino strains. One strain, which has been 
bred at Mill Hill for many years, carries at least three strains of virus and is also susceptible to 
bacterial hepatitis. The other strain has been maintained at Mill Hill since 1953. It is descended 
from a few animals originally obtained from the State Serum Institute in Copenhagen, and is 
housed separately and fed on autoclaved food and water until the time of experimentation. These 
mice are free from the T.O. strain of encephalomyelitis and have proved particularly hardy. 
They have been used for a variety of biological studies. 

Apparatus and techniques for cooling. The rats were cooled by the method previously described 
(Andjus & Smith, 1955). The mice were enclosed in Kilner jars (485 ml. capacity) for 58-77 min 
at -1 to -2° C, They were then cooled in melting ice in the same way as were the rats. 

Rewarming by microwave diathermy. The apparatus and technique already described (Andjus & 
Lovelock, 1955; Perkins, 1955) were used for the rats and were modified slightly for mice. The 
energy output of the magnetron was decreased to rewarm the mouse heart. This was done by 
reducing the voltage supply so that the output ammeter read 0-1 A instead of 0-175 A. The power 
was thus reduced from approximately 150 W to approximately 40 W. A grid extension with 
a smaller aperture (10 x 0-5 mm) was used. The air output of the automatic apparatus for artificial 
respiration was decreased. The colonic temperature of mice was measured by specially made 
small thermometers previously used for hamsters. When the mice had resumed breathing they 
were not immersed in warm water, but were transferred direct to an incubator at 32-34° C. 

Rewarming by illumination from bench lamps. The rats were placed on a wire grid (15 x 9 in., 
lem mesh). The ears, hind-paws and tail lay on strips of adhesive tape and the fore- and hind-paws 
were also covered with adhesive tape. Bench lamps with shades on the outer side were arranged 
above and below the animals, as described below. The aim was to raise the colonic temperature by 
1°C per min. Unless otherwise stated, the lamps were moved further away if the colonic tempera- 
ture rose more than 2° C in any minute or if thermometers close to the animals registered above 
45°C. Artificial respiration was given until natural breathing was re-established. 

The mice were placed on a Perspex support and illuminated by a single shaded bench lamp. 
An air gap of approximately 3 cm was left between the bulb and the ventral surface of the body. 
The gap was increased if a thermometer close to the animal registered above 38° C. The rate of 
increase in colonic temperature was maintained at 1° C per min by altering the position of the 
lamp. 

RESULTS 


Resuscitation by means of microwave diathermy. One hundred and four rats 
weighing 150-190 g were cooled until the colonic temperature had been below 
15° C for 1 hr and had reached between +0-1 and +1-2° C. Thirteen of these 
animals showed no signs of reanimation after rewarming the cardiac area and 
administration of artificial respiration. Eight others revived partially but 
died during immersion in water at +38°C. Four rats which had apparently 
recovered completely died within 24 hr, and another animal died on the 
3rd day. There were seventy-eight long-term survivors from this group 
(Table 1), 
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Resuscitation by illwminating the whole body. Twelve rats weighing 150- 
190 g were similarly cooled but were rewarmed by means of three 100 W bench 
lamps, two of which were arranged as close as possible to the ventral surface 
and the third beneath the dorsal surface of the body. Artificial respiration 
was administered. Thermometers close to the rats registered 60°C within 
10 min. Three of these animals resumed breathing but died either during 
immersion in the warm bath or shortly afterwards. The appearance of the skin 
suggested that the animals had been overheated. 

Twelve rats in the same range of body weight were then cooled as before. 
The two 100 W bench lamps were arranged over the ventral surface of the 
body, leaving an air gap 5-8 cm in depth. A third 60 W lamp was arranged 
at the same distance from the dorsal surface. Artificial respiration was 
administered. After 10 min the air temperature close to the body reached 
45° C. Within 14-23 min all these animals resumed natural breathing at 
colonic temperatures varying from 19 to 21-5° C. Thereafter they recovered 
completely and have so far survived periods varying from 3 to 15 weeks. 
(Table 1). 

The exact position of the lamps was obviously important. Other lamps were 
then used to see whether the amount of illumination was also critical. Six 
rats (150-190 g) were rewarmed by means of one 40 W and two 100 W 
bench lamps arranged above and below the body. Four of these animals 
recovered completely and lived for many weeks. The other two failed to revive. 

Further reduction in the amount of illumination was not advantageous for 
rats of 150-190 g. Nine animals in this weight range were given artificial 
respiration and illuminated from above and below by two lamps, each of 
100 W. Seven of these animals appeared to recover completely, but there 
were three deaths within 24 hr and only four survivors. Illumination by 
means of one 100 W lamp and one 60 W lamp effected complete resuscitation 
of one rat, but failed to reanimate another. Twelve smaller rats varying in 
weight from 59 to 149 g were, on the other hand, successfully resuscitated by 
combinations of 100 and 60 W, or 100 and 40 W bench lamps. Eleven of these 
animals are in good health at the time of writing many weeks after reanimation. 
The twelfth rat was accidentally killed after 16 days (Table 1). 

Comparison of reanimation by heating the heart locally and by warming the 
whole body. Most of the rats which were resuscitated by heating the heart 
locally resumed natural breathing 11-15 min after the start of treatment at 
a time when the colonic temperature was between 10 and 15° C. A few animals 
breathed after as little as 6 or 8 min when the colonic temperature was 8-10° C. 
Revival was slightly quicker than had been observed by Andjus & Lovelock 
(1955). Animals rewarmed by illuminating the whole body took somewhat 
longer to recover. They started to breathe spontaneously 14-23 min after 
resuscitation was begun when the colonic temperature was between 19 and 
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24°C. After respiration had become regular it was difficult to detect any 
difference between rats resuscitated by the two methods. 

Special features of cooling mice. The mice cooled more rapidly than the rats, 
both in closed vessels and when surrounded with melting ice. They became 
narcotized by the combined effects of hypoxia, hypercapnia and the cold 
environment after enclosure for approximately 1 hr. At this stage they were 
breathing deeply and had active corneal reflexes. The colonic temperature 
was between 13 and 16-5° C. After immersion in icy water the colonic tem- 
perature fell very rapidly so that within 5 min it was usually below +5° C, 
and in a few animals was as low as +1-2° C. The most gradual, the steepest, 
and the average cooling curves are shown in Fig. 1. 
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Fig. 1. The fall in colonic temperature of mice immersed in ice-cold water. The highest, lowest 
and average colonic temperatures recorded at 5 min intervals from fifty mice are shown. 


The mice ceased to breathe when the colonic temperature was between 
+45 and +5° C. Electrocardiograms showed that the heart stopped beating 
when the colonic temperature was between +2-5 and +3-8° C. The mice were 
kept surrounded by ice until respiration had been arrested for 60 min and until 
the heart had been at a standstill for approximately 55 min. 

Resuscitation by means of microwave diathermy. Eleven albino mice weighing 
22-32 g, which had been cooled to body temperatures between +0-2 and 
+1:1°C, were given artificial respiration while the heart was rewarmed 
locally. Of the ten animals which revived completely, one died overnight and 
nine survived for periods varying up to 100 days (Table 2). 

Resuscitation by illuminating the whole body. Thirty-three hepatitis-sensitive 
mice of the virus-carrying strain were cooled in the same way and then given 
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artificial respiration under a 60 W bench lamp. During the first 3 weeks after 
resuscitation there were, however, ten deaths. Post-mortem examination 
showed that these mice had a fulminating hepatitis. The remaining twenty- 
three mice survived in good health for many weeks (Table 2). 

Twenty-one mice of the Danish strain were then cooled and rewarmed in the 


game way. They all recovered completely. Two died within the first 24 hr, but 


not apparently from hepatitis. There were no delayed deaths and the remaining 
nineteen mice had survived in good health for over 2 months at the time of 
writing (Table 2). 
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Fig. 2. The rise in colonic temperature of ice-cold mice during administration of artificial respira- 
tion and illumination under a 60 W bench lamp. The highest, lowest and average colonic 
temperatures recorded at 5 min intervals from fifty mice are shown. 


Special features of rewarming mice. When the mice were removed from the 
bath of melting ice they looked like corpses with limp bodies, pallid skin and 
opaque eyes. During treatment the eyes gradually became red and translucent, 
and the extremities became pink. The colonic temperature of animals in which 
the heart was heated locally reached +10° C in approximately 5 min (Fig. 2). 
They began to breathe naturally after 9-19 min treatment at colonic tem- 
peratures between +15 and +23°C. Thirty minutes later they regained 
normal posture and reflexes in the warm incubator. The colonic temperature 
of mice treated by illuminating the ventral surface of the body rose rapidly 
and reached +3° C within 2-3 min, and +10° C within 4-6 min of removal 
from ice. They resumed spontaneous respiration after 13-17 min at colonic 
temperatures between 19 and 24° C. There was little difference between the 
rate of recovery of mice treated by the two methods. 
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Regular breathing was resumed no sooner by mice than by rats. Subse- 
quently, however, the mice recovered muscle tone, co-ordination and normal 
activity more rapidly than did the rats. They lost 1-4 g in weight during the 
first 2 days after resuscitation but, with the exception of animals which 
succumbed to hepatitis, the mice resumed normal growth before the rats. 


DISCUSSION 
The results described above show without doubt that adult rats and mice in 
a state of suspended animation can be revived from body temperatures close 
to 0° C by warming the whole body instead of by heating the heart locally. 
The fact that a magnetron microwave generator is not essential and that no 
other complex apparatus is needed means that these experiments could be 
repeated in any ordinary laboratory. F 

Ice-cold rats can seldom be resuscitated by a combination of artificial 
respiration, and either incubation in warm air or immersion in warm water. 
It was therefore surprising that gentle warming by illumination with a simple 
arrangement of bench lamps effected the resuscitation and long-term survival 
of thirty adult and two immature rats. It is felt that more experience is 
needed before optimum conditions can be laid down. Nevertheless, from 
a theoretical point of view, these results are of great importance and suggest 
that the danger of tissue anoxia has been exaggerated. 

Resuscitation of ice-cold mice by artificial respiration and illumination by 
a single bench lamp was particularly easy and preferable to the use of the 
magnetron. It was interesting that acute attacks of hepatitis were precipitated 
in a high proportion of susceptible mice shortly after exposure to and recovery 
from severe hypothermia. This result indicated that resistance to intercurrent 
infection had been reduced. The mice of a hardier strain, however, showed no 
apparent after-effects. 

SUMMARY 

1. Adult rats and mice were cooled until their colonic temperatures reached 
between + 1-2 and 0° C, and until heart beats and breathing had been arrested 
for 50-60 min. 

2. They were treated by administration of artificial respiration and by 
warming. In some animals heat was focused on the heart by means of micro- 
waves generated by a magnetron. Other animals were rewarmed by illuminating 
the whole body with bench lamps. 

3. A high proportion of animals were resuscitated by both methods and 
survived for long periods thereafter. The simple apparatus and technique for 
rewarming the whole body had obvious advantages. 

Dr A. W. Gledhill kindly performed autopsies and diagnosed the hepatitis in mice, and also 
recommended the hardy Danish strain. 8. G. wishes to thank the Medical Research Council, and 


Sir Charles Harington, F.R.S., for the hospitality of the National Institute for Medical Research 
from October 1954 to August 1955. 
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SODIUM TRANSFER IN TORTOISE ERYTHROCYTES 


By M. MAIZELSt+ 


From the Department of Clinical Pathology, 
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The erythrocytes of the chicken, tortoise and man are all rich in potassium 
and poor in sodium. Metabolism and cation transport in human erythrocytes 
are based on glycolysis (Harris, 1941; Maizels, 1951), while in avian cells the 
requisite energy is derived from respiration (Maizels, 1954). The African 
tortoise is poikilothermic: its erythrocytes also respire, and are of interest 
because they transport Na and K fairly actively, even in the presence of 
respiratory poisons. On the other hand, they cannot maintain their relative 
impermeability to Na and K, unless calcium be present in the external medium. 
Preliminary investigations had been made without the aid of tracers (Maizels, 
1954), and in the present paper the phenomena have been further investigated 
with the aid of “Na (Na*). 


METHODS 


These involve the measurement of Na, Na*, haemoglobin, chloride and pH of erythrocytes: where 
possible all apparatus before drying was tested for freedom from Na with the flame photometer 
(EEL). Suspensions were centrifuged for 30 min at 2000 g in tubes drawn out to sealed, graduated 
and calibrated capillaries: the wide part of the tube was about 15 mm bore, and the narrow part 
1-7 mm; lactate was measured in cell suspensions. All the methods have been discussed elsewhere 
(Clarkson & Maizels, 1955), though there were some differences in detail. Thus, in previous work, 
cell Na was estimated in erythrocytes suspended in a tracer-free medium, and Na* in a system 
identical save for the presence of Na*: in the present work both Na and Na* were measured in 
cells from the same radioactive suspension. 

Blood was obtained by exsanguination of the decapitated tortoise, heparin being used as an 
anti-coagulant. The blood was incubated with a medium containing 150 mm-NaUl and 1] m™ 
glucose with variable amounts of Ca and K, pH being adjusted to about 7-7. Estimations were 
done on unwashed centrifuged cells, and also on cells which had been washed in 50 vol. of fluid, 
to remove intercellular medium containing Na and Na*. The wash-fluid usually contained 
2-5 mm-CaCl,, 160 mm-KCl and 11 mm glucose, the pH being adjusted to about 7-7 with KOH. 
Cell concentrations were calculated from the meastired Na, Na* and water contents: when cells 
had been washed it was necessary to correct all these for any increase in volume (usually 2-6 %,) 
induced by the washing. Changes in cell volume due to experimental conditions or to washing 


t In receipt of a grant for technical assistance from the Nuffield Foundation. 
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were calculated from the observed changes in the haemoglobin content of unit volume of cells. 
To this end, the centrifuged erythrocytes were resuspended in 74 vol. of water, and the haemo- 
globin and Na* contents of the haemolysate measured. The Na content of the residue was measured 
with the flame photometer after the lapse'of several days, when radioactivity had decreased. 
During this time the haemolysate was kept in polythene containers, which were capped and stored 
frozen. Alternatively, the haemolysate may be kept at 4° C in the original centrifuge tubes, if 
these have been coated with silicone, and are closed with rubber caps: the rubber thimbles used 
by cashiers are suitable. , 

Cell pH was measured with the glass electrode on erythrocytes haemolysed in 4 vol. of water, 
it being assumed that the value bore a consistent relation to the true pH of the cell interior. It 
was usually between 7°25 and 7-6. When measuring the respiration of chicken erythrocytes 
(Clarkson & Maizels, 1955), it had been found necessary to extract CO, from cell suspensions and 
to aerate, if the usual 15 min equilibration in the Warburg flasks was to suffice; in the absence 
of such treatment, false values were obtained for respiration during the observation period. In 
the case of tortoise cells this preliminary removal of CO, was effected as follows: cells and plasma 
were separated by centrifuging, the buffy coat removed, and the cells suspended in 500 vol. of a 
CO,-free solution containing 5 mm-KCl, 2-5 mm-CaCl,, 1-5 mm-MgCl,, 150 mm-NaCl and 11 mm 
glucose the separated plasma was dialysed against a similar CO,-free medium. After 16 hr at 
4° C the supernatant fluid was removed from the settled cells, and then cells and plasma were 
mixed. 

Intercellular plasma was measured using Evans Blue as a marker (Maizels, 1945), blood being 
centrifuged with added dye for } hr at 2000 g. The trapped dye was then recovered by washing 
the packed cells with NaCl solution. Such a solution may cause slight haemolysis, and this may 
be obviated by adding 1 part of ox albumin (30 g/100 ml.) to 4 parts of the wash. 

Experimental error 

The equation for K,, shown later, involves the difference values of two pairs of measurements, 
and in the case of tortoise erythrocytes presents special difficulties, because the differences were 
quite small. For this reason all estimations were done in duplicate on separate samples of the 
same suspension, which were centrifuged, washed and analysed in parallel. Agreement between 
duplicates was not as close as was expected, though it must be realized that differences were 
inclusive of errors due to faulty measurements, to contamination, and to errors in the actual 
estimations. As a rule, duplicate estimations of Na differed from their mean value by about 
+1%. The standard deviation of these differences expressed as percentages of the corresponding 
mean values of individual pairs were as follows: with cell Na concentration ([Na,]) between 
4 and 7 m-equiv/l. cell water s.p. was +1%, with [Na,] between 7 and 17 m-equiv/l. it was 
+0-8%, and in the smallest series of twenty-two duplicates with [Na,] averaging 36 m-equiv/l. 
8.D. was + 09%. In the case of Na*, the percentage error falls fairly sharply as the cell concentra- 
tion rises, and it is simplest to express the error as the s.p. of the absolute differences of duplicates 
from their individual means in m-equiv/l. For values of [Na*] up to 6 m-equiv/l. cell water 
8.D. was roughly constant (40-022 to + 0-026 m-equiv/l.), but with higher concentrations the 
error again increased, and with [Na?] at 10-12 m-equiv/l., it was + 0-06 m-equiv/l. If one applies 
these figures to those in the various tables, and excludes data obtained on Ca-free suspensions, 
the probable error in the calculated coefficient for Na efflux varies according to circumstances 
from +6 to +10%. 


CALCULATION OF TRANSFER COEFFICIENTS 


In previous work it has been customary to associate Na fluxes with their transfer constants. 
Since in fact these so-called constants vary considerably, it has seemed desirable in the present 
Paper to refer to transfer or rate coefficients rather than to transfer or rate constants. Further, 
in earlier work the convention of Harris & Burn (1949) has been accepted; it has been assumed that 
cell volume and area were constant; and the movements of Na have been expressed as rate constants 
(k, for influx and &, for efflux), rather than finding expression in absolute units as permeability 
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constants K, and K,, where k,=K, (surface area)/volume, and k, = K, (surface area)/volume. 
But since, in experiments with tortoise erythrocytes, cell volume often alters and the rates of 
cation transfer must be correlated with these changes in volume, it has seemed simpler to 
express these rates as permeability constants (or coefficients). 

The disk-like shape of the tortoise and other erythrocytes suggests that considerable changes 
in volume can occur without change in cell area. Hence, when cell volume (V) changes during an 
experiment, it is assumed that the surface area (A) remains constant. 

Owing to the fact that changes in cell volume are small, it has not been possible to determine 
precisely whether these changes are linear or exponential with time. The latter seems more likely, 
since changes in cell Na concentration, which are relatively much greater than the volume changes, 
are not linear, but of exponential form. In any case, since volume changes are usually less than 
8 %/hr, the permeability coefficients corrected for changes in volume are almost identical, whether 
it is assumed that the changes are linear or exponential. 

Dr C. S. Spannert has proposed the following derivation of the permeability coefficients, on the 
suggestion that change in cell volume was linear with time. If it be accepted that Na transfer 
is a first-order process, then for ‘normal’ and radioactive ions we may write (cf. Harris & Burn, 
1949): 


= K,A[Na,] - K,A[Na J, (1) 


=K,A[Nag] - (2) 


where [Na,] and [Na,] are the sodium concentrations of the cell and of the external medium; 
[Na*] and [Na*] are the corresponding values for radioactive sodium. V is the ‘free volume’ 
of the cells, that is the volume in which ions present can be considered as in ordinary solution. 
It is assumed that the volume of the external medium is so large that Na, and [Na¥] may be con- 
sidered as constant. In addition, it is arbitrarily chosen to regard [Na,] and [Na] as equal: this 
merely implies a definition of the calibration constant for converting Geiger counts into radio- 
active concentrations, The subtraction of (1) and (2) gives 


V (Na) = - - (Nap), (3) 
or writing - [Naf]) =X, (4) 
equation (3) becomes : 
X) = (5) 
Now assume that change of cell volume with time is linear and put 
V =V,{1 +a(t -t,)}, (6) 


‘Where V, is the ‘free volume’ of the cells at the instant ¢=/,. Insertion of (6) into (5) enables the 
equation to be integrated, giving the final result 


XxX, K. 
in -(1 In {1 +a(t -t)}. (7) 
To calculate K,, proceed from equation (2) substituting for V, from equation (6). The resulting 
equation can then be integrated to equation (8), [Na,] being constant as before: 
K,A K. 
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This enables the permeability coefficient to be found. It may be remarked that when the constant 
a in the linear relation (6) approaches zero, equation (7) becomes 


in halts (9 
and equation (8) becomes 
ae 


Equations (9) and (10) are identical with those proposed by Dr E. J. Harris for calculating the 
transfer coefficients of erythrocytes with area and volume constant (see Clarkson & Maizels, 1955). 
If, on the other hand, it is assumed that change in volume with time is not linear, but exponential 


and expressed by the equation 
then following Dr Spanner’s argument and inserting (11) into (5) gives 
x 


and similarly for equation (8) where the right-hand side is replaced by the right-hand side of 
equation (12), and where « on the left-hand side is replaced by 8. It may be said that as the 
relevant changes in cell volume are quite small, constants calculated on the assumption of linear 
or exponential volume changes are virtually the same. 

Na efflux may be obtained precisely from equations (1) and (6), but integration yields a very 
complex expression, and it was thought that efflux in m-equiv/unit volume of cells.unit time, 
might be expressed approximately as 


(13) 
or, from equations (1) and (6), 


a Vil Na},  K,A[Na,] 


where V,, is the mean volume and [Na,],, is the mean internal sodium concentration during the 
time interval ¢, to t,. Under the conditions of experiment, it was found that the geometric means 
of these quantities were in quite good agreement with the means obtained graphically in those 
experiments where adequate time curves permitted the comparison to be made. Hence the 
geometric mean was generally used, and the two equations gave results for Na efflux which agreed 
well. 

With regard to the values of V and A to be used: V is the ‘free’ or effective volume, which 
Harris & Maizels (1952) take to equal the volume of cell water, rather than the volume of the 
cell itself; in default of full information about the state of water in the erythrocytes, it has been 
assumed that all cell water is available as a solvent, and its volume has been taken to equal V. 
The volume of tortoise cells is about 490,°, and the effective volume 340,'; the total area 
(regarding the cell as an oval disk) is about 440 .*. These figures are based on measurements of 
100 cells from a single tortoise (Maizels, 1964), but the range of the mean is not likely to differ 
by more than +10%. Data for human célls are given by Harris & Maizels (1951), A being 130,* 
and the actual cell volume 85 y*; the effective volume may be taken as 60 y*. The validity of this 
sort of data is also discussed by Harris & Maizels (1951). In any case, data used in this way, 
while perhaps leading to a small absolute error in calculating permeability coefficients, will not 
affect the relative value of the coefficients obtained on samples from the same specimen of blood, 
subjected to different experimental conditions. Hence, in calculations, A is regarded as 440 ,*, 
while if the cell swells by 10%, the total volume is assumed to have increased by 49», and the 
free or effective volume becomes 340 + 49 or 389°. It may be noted here, that when, as in some 
experiments, cell Na and Na* are estimated only at 0 and 1 hr, it is desirable to make an additional 
volume measurement at $ hr, to check that any volume change is approximately linear. 
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Having obtained the permeability coefficients for influx and efflux, K, and K,, these may be 
corrected for the Donnan asymmetry by Harris's procedure (1(54): if Kj and Kj are the corrected 
permeability coefficients for influx and efflux, K; = K,/f and Ky = K, - K,/f. The asymmetry factor 
f equals ,({Cl,]/Cl,}), where [Cl,] and [Cl] are the external and internal chloride concentrations. 
In practice, the correction decreased K, by about 40%; ite effect on K, when Ky is normal is 
slight (about 2 or 3%), but when X, is high the effect of asymmetry on K, is considerable. if in 
equations (13) and (14) Kj is substituted for K,, and Ky for K,, figure is obtained which is 
presumed to equal the active moiety of efflux in m-equiv/l. effective cell volume.hr: this is the 
value for efflux given in the various tables. 


Asymmetry factor in tortoise erythrocytes 

Values for f plotted against pH are given in Figs. 1 and 2. They are higher than in human and 
chicken erythrocytes (Harris & Maizels, 1952; Clarkson & Maizels, 1955), presumably because of 
the higher content of non-penetrating anion: in tortoise erythrocytes total acid soluble P is about 
140 mg/100 ml.; this may be compared with Rapoport & Guest’s figures (1941) of 55 mg for 
human erythrocytes and 90 mg/100 ml. chicken cells. It will also be noted that in cell suspensions 
poisoned with cyanide f is a little lower than in unpoisoned suspensions. This may be ascribed to 
a decrease of non-penetrating anion within the cells. Thus, the concentrations of Hb and organic 
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Fig. 1. pH and the asymmetry factor (f) for tortoise erythrocytes (cyanide absent). +, Cells 
incubated at 20°C; pH measured at 20°C. @, Cells incubated at 38°C; pH measured 
at 20° C, 


Fig. 2. pH and the asymmetry factor for tortoise erythrocytes (cyanide present, 5 mM). O, Cells 
incubated at 38° C; pH measured at 20° C. 


phosphate both decrease as a result of cell swelling (about 5%) which occurs in media containing 
cyanide: in addition, cyanide promotes dephosphorylation of phosphoric esters, with loss of the 
resulting inorganic phosphate to the external medium; in one experiment where tortoise erythro- 
cytes were incubated for 2 hr at 38° C, loss of total acid-soluble P in the presence of cyanide was 
40 mg (149 to 109), while in the absence of cyanide it was only 12 mg/100 ml. cells. 

With regard to the distribution of chloride and hydrogen ions: these penetrate tortoise erythro- 
cytes so quickly, that when the pH of the external medium is altered, changes in cell pH and 
[Cl] are maximal in less than 5 min. Hence, in accordance with the Donnan equation, log [C1,|/ 
[Cl] and pH, - pH, should be equal. In one series of experiments cells were incubated at 38° ( 
and pH was measured at 20° C: in three experiments of another series, however, suspensions were 
incubated and the pH measured at the same temperature, 20°C. Here, the values for log [Cl }/ 
[Cl,] and pH,-pH, were of the same order, though the agreement is not close (Table 1). However, 
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it must be remembered that while [Cl,] and [Cl,] are the chloride concentrations of the external 
medium and of the cells, and pH, is the pH of the external medium, pH, is not the pH of the intact 
‘vell, but of a fivefold haemolysate. Hence, complete agreement is not inevitable, and the findings 
are compatible with the use of the chloride ratio as a measure of asymmetry. 


TaBie 1. Cell pH and the distribution of hydrogen ions and chloride ions in suspensions 
of tortoise erythrocytes incubated at 20° C; pH measured at 20° C 


l Experiment 2 Experiment 3 
(Hy) (H,) og (hl [HJ , (Ch) 
7-42 0-36 0-30 7-42 0-44 0-39 7-44 0-42 0-38 
6-82 0-28 0-16 7-01 0-27 0-25 6-96 0-24 0-17 


[Cl] and [Cl,] are the chloride concentrations of cells and external medium. [H,] is the hydrogen 
ion concentration of cells lysed in 4 vol. of water. 


RESULTS 
Before proceeding to detail, it is necessary to discuss certain general considera- 
tions. First, most of the observations have been made at 38° C, and it may be 
questioned if this temperature is appropriate to a poikilotherm. In the case of 
Testudo horsfieldi, Volkonsky (1939) has shown that body temperature in the 
heat of the Turkmenian scrub is maintained between 31 and 37° C. We have 
found that the African tortoise at 38° C shows excessive activity, but after 
24 hr emerges from the incubator apparently in normal condition. It is 
probable that the temperature of the warmed tortoise is but little below 38° C, 
for in the case of land turtles and alligators, Hall & Root (1930) have found 
the body temperature to be only 0-5° C below that of the environment. Thus 
it is probable that 38° C is not grossly unphysiological for tortoise erythrocytes, 
though it may well be above the optimum. Even so, this does not invalidate 
any of the present experiments, except some of those concerned with energies 
of activation. Data, however, are available for the energies of activation for 
temperatures 21-29 and 29-38° C, and within these two ranges the values are 
about the same (see below); hence, it is unlikely that the erythrocytes have 
been harmed by the higher temperature. 

The second matter requires special emphasis: the permeability coefficients 
shown in the various tables are based on the equations given above, which 
assume that transfer is a first-order process; for efflux at least this is not the 
case. Data are approximately valid when the various values for cell Na 
concentration are all about the same, but when [Na,] varies widely, the precise 
interpretation of differences in the permeability coefficients is obscure, and 
should perhaps be restricted to stating that one coefficient is greater or less 
than another. Further, the application of the asymmetry correction is also 
open to criticism, but since it is likely that the passive component of efflux 
increases when [Na,] is high, it has seemed less objectionable to apply a 
correction than to omit this entirely. 
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The third matter requiring consideration concerns the state of Na in tortoise 
erythrocytes. The equations given above, in so far as they apply to Na, are 
general: but experimentally cells were washed with KCl solution before Na 
and Na* were estimated, and it is necessary to remember that the transfer 
coefficients only apply to cell Na other than that which is easily exchanged. 
Na fractions in tortoise erythrocytes are considered below. 

Sodium fractions in tortoise erythrocytes 

In order to assess the various Na fractions in erythrocytes, it is necessary to 
allow for Na in the intercellular plasma, and hence to know the volume of 
plasma trapped between centrifuged cells. Using Evans Blue as marker (see 
methods), intercellular plasma averaged 3-4°%, of the packed cell volume 
(range 3-3-6 in six observations). When tortoise blood was diluted with NaCl 
solution, the volume of the resulting intercellular fluid was not significantly 
altered (3-3% in three observations). 

It follows that if erythrocytes in a medium containing 150 m-equiv Na/!. 
are centrifuged and washed with KCl solution, loss of intercellular Na should 
amount to 5 m-equiv/l. cells; in fact, the immediate loss was 8-8 m-equiv 
(range 7-9-9-3; s.p. +0-4) in six observations. Hence, on washing tortoise 
erythrocytes there must be an immediate loss of Na from the cells themselves. 
This easily exchanged fraction amounts to about 4 m-equiv. Storage over- 
night at 4°C increases this fraction by 0-1-0-8 m-equiv (mean and s.p. 
0-4+0-2), while 2 hr subsequent incubation raises the easily exchanged cell 
Na fraction by 0-4—1-0 m-equiv above the value found in fresh cells (mean and 
s.D. for 6 experiments, 0-65 + 0-24 m-equiv/l. cells). It may be noted that 
while a single wash reduces the Na content of packed cells from 13 to 4m-equiv, 
a subsequent wash lowers the content by only 0-15-0-2 m-equiv/l. cells. When 
radioactive Na (Na*) is added to fresh tortoise erythrocytes, and the suspension 
is centrifuged at once, the immediate gain of Na* is about the same as, or 
slightly more than, the immediate loss of Na on washing cells in KCl solution, 
the mean and s.D. of six observations being 9-04 + 0-36 m-equiv. These figures 
are comparable to those found in human and chicken erythrocytes (Clarkson & 
Maizels, 1955): in chicken cells, intercellular plasma accounts for about 
5 m-equiv Na, and easily exchanged cell Na for about 3 m-equiv; for human 
cells the corresponding figures are 3 m-equiv intercellular and 2-3 m-equiv 
easily exchanged Na. It has been noted previously (Clarkson & Maizels, 1955) 
that the figures for Na* in human cells centrifuged immediately after the 
addition of tracer, as measured with a liquid counter, differed from those of 
Solomon (1952) using an end-window counter. Centrifuging a cell suspension 
at 1600 g immediately after the addition of Na*, Solomon obtained a value for 
cell Na* equivalent to 4-15 m-equiv/I. cells; this immediate gain he attributed 
to the presence of trapped plasma, which he therefore assumed (without direct 
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measurement) to account for 3°%, of the volume of packed cells. Solomon, in 
a later paper with Gold (1955), centrifuged human erythrocytes at 7800 g and 
estimated trapped plasma to be 1-1°%; no in vitro data are given for zero-time 
values of Na*. It therefore seemed desirable to check earlier data on human 
cells centrifuged for 30 min at 2000 g. In one new experiment, immediate gain 
of Na* corresponded to 6-04 m-equiv/l. cells using a liquid counter, and to 
6-15 m-equiv with an end-window counter. In a second experiment immediate 
gain of Na* gave the following duplicate results with a liquid counter—5-84 
and 5-86 m-equiv, and with the end-window counter 5-81 and 6-08: inter- 
cellular plasma using Evans Blue as marker (Maizels, 1945) was 1-75°%, and 
using iodinated (I) albumin as marker (Leeson & Reeve, 1951) 1-73%; 
hence in this case intercellular Na* amounted to 2-65 m-equiv, and easily 
exchanged Na* to 3-2 m-equiv. These results are similar to those quoted 
elsewhere (Clarkson & Maizels, 1955). 

According to Solomon (1952) human erythrocytes contain a sodium fraction 
which is inexchangeable or exchangeable only with difficulty. In tortoise 
erythrocytes this fraction is small. At the beginning of an experiment the 
difference between the concentrations of Na and Na* is about 5-5 m-equiv/I. 
cell water; after 2 hr at 38° C, the difference is about 1-5, and extrapolation of 
time curves (which is quite approximate) suggests that inexchangeable Na is 
less than 0-5 m-equiv. 


Permeability coefficients of normal tortoise erythrocytes and the effects 
of temperature 

Owing to the frequent necessity for keeping tortoise erythrocytes overnight 
with various diluents, there are few values for the permeability coefficients of 
fresh erythrocytes. Some are shown in Table 2, where Kj and Kj; are the 
respective coefficients for efflux and influx corrected for the Donnan asym- 
metry; K, and K,, shown elsewhere, are the uncorrected coefficients. At 
0-1 hr, Ky at 38° C is about 0-6 x 10-* cm/hr and K, about 0-02 x 10-* cm/hr. 
At 1-2 hr both fall, the fall being relatively less marked at the lower tempera- 
ture (Table 2, no. 1, and others not shown in the table). 

It is clear that fall of temperature greatly decreases the permeability 
coefficients of both efflux and influx, though the net result is such, that after 
1 or 2 hr, [Na,] is lower at the lower temperature than at the higher. The 
apparent energies of activation for K, and Kj have been calculated for the 
0-1 hr period: in Expt. 1 these are 10,400 and 14,000 cal between 21-6 and 
38-4° C; in Expt. 2, 9000 and 11,600 cal between 24-1 and 38° C; in Expt. 3, 
10,200 and 13,600 between 20-8 and 28-9° C and 9800 and 11,200 between 
28-9 and 38-2° C; in a fourth experiment not shown in Table 2, the values were 
9700 and 14,500 between 21-6 and 38-4° C. These values correspond to the fall 
in [Na] at lower temperatures seen in Table 2. Low levels of [Na,] are 


ig 
- 


422 M. MAIZELS 


maintained for at least 4 hr. If, however, temperature is reduced below 20° C 
(approx.) there is no further fall in [Na,]. Thus in one experiment [Na,] after 
4 hr incubation was 6-40 at 38-3° C, 5-36 at 22° C and 5-52 m-equiv/I. cell water 
at 8-2° C. 


Taste 2. Effects of temperature on the corrected permeability coefficients (K% and K}) 


of Na efflux and influx 
[Naf] 
Time Temp. (m-equiv/l. (m-equiv/l. Ky Ky 
Expt. no. (hr) (°C) cell water) cell water) (cm x 10~*/hr) (cm x 10~*/hr) 
la 0 21-6 5-78 0-83 _— — 
b 0 38-4 5-85 0-80 —_ — 
a 1 21-6 5-78 2-09 0-22 0-0061 
b 1 38-4 7-00 4-69 0-59 0-022 
a 2 21-6 6-00 3-06 0-18 0-0055 
b 2 38-4 7-08 6-62 0-36 0-017 
2a 0 24-1 5-22 0-90 ~— 
b 0 38-4 5-28 0-94 — — 
a 1 24-1 5-37 2-36 0-28 0-0073 
b 1 38-4 5-98 3-91 0-56 0-018 
a 2 24-1 5-42 3-19 0-23 0-0063 
b 2 38-4 6-72 5-52 0-41 0-015 
3a 0 20-8 6-96 061 — _ — 
« 0 38-2 7-03- 0-69 — — 
a l 20-8 6-70 2-24 0-26 0-0078 
b 1 28-9 71l 3-48 0-42 0-015 
c 1 38-2 7-52 5-02 0-69 0-026 


[Na,] ete. is the concentration in m-equiv/l. cell water. The coefficients K, and Kj have been 
corrected for the Donnan asymmetry. There is no correction for change in volume, because changes 
during the experiment were insignificant. 


Effects of cell sodium concentration on the permeability coefficients 

It is very difficult to alter the cation content of tortoise erythrocytes merely 
by cold-storage in media of varying compositions. Hence, to effect changes in 
[Na,], heparinized blood was centrifuged, and the cells suspended overnight in 
500 vol. Ca-free NaCl solution (0-16™m) at 4° C. This removes Ca and makes the 
_ cells more permeable. By next morning the cells had settled. Most of the 
supernatant fluid was removed, and the cells resuspended in 9 vol. of the 
residue. The suspension was divided into several samples, and these were 
incubated at 20° C for varying times from 0 to 40 min, after which each was 
placed in ice-cold water. The cell Na content in each sample was now roughly 
proportional to the time of exposure at 20°C in the Ca-free medium. The 
suspensions were centrifuged for 5 min, and the deposits separately resuspended 
in 8 vol. of a medium containing 2-6 mm-CaCl,, 1-5 mm-MgCl,, 150 mm-NaCi, 
10 mm-KCl and 11 mm-glucose. 1 vol. normal plasma was added, the various 
suspensions incubated at 38°C for 5 min, Na* added, and the incubation 
continued. Potassium was adjusted to twice the normal level in the external 
medium, for otherwise rise of cell potassium during incubation (accompanying 
fall in cell Na) might have caused excessive depletion of external potassium. 
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It will be seen (Table 3) that when [Naz] is high, the permeability coefficient 
for efflux (corrected for asymmetry, i.e. K3) is definitely greater than when 
[Na,] is low (cf. samples a and 6, or a,b andc). In Expts. 2-4, the coefficient for 
influx (Kj) is also somewhat greater, and this may be due to the longer 
preliminary treatment at 20° C in the absence of Ca. The combined effects are 

TaBLeE 3. Effects of cell Na concentration, [Na], on the corrected permeability coefficients 
for Na efflux and influx (Kj and K}) 


Na 
(m-equiv 
effective 


[Naf] Ky Ki cell 
Expt. Time Temp. (m-equiv/I. (m-equiv/l. (cm x 10-* (em volume. (pl./ml. 
C) cell water) cell water) /hr) hr 


no. (hr) (° ) cells. hr) 
la 0 24-5 15-20 1-16 _ 
b 0 24-5 10-45 0-71 
a 1 24-5 9-94 2-88 0-64 0-014 9-9 — 
b 1 24-5 7-82 2-38 0-54 0-010 5-7 _ 
2a 0 38-3 27-1 0-58 — — mee ins 
b 0 38-2 10-85 0-40 
a 1 38-3 16-14 5-18 0-78 0-030 18-5 — 
b 1 38-3 9-02 3-36 0-55 0-017 6-3 — 
a 2 38-3 10-98 5-88 0-64 0-018 10-5 — 
b 2 38-3 7-82 4-54 0-49 0-013 5-2 ~ 
3a 0 38-2 38-2 3-94 
b 0 38-2 10-80 0-69 
a 1 38-2 24-5 14-11 1-07 0-089 36-5 274 
b l 38-2 10-34 6-49 0-83 0-041 10-7 215 
4a 0 38-2 53-4 1-60 
b 0 38-2 39-0 0-71 — — — — 
0 38-2 11-69 0-48 — 
a 1 38-2 18-88 4-84 1-20 0-031 43-3 210 
b 1 38-2 15-87 4-14 1-06 0-026 31-2 188 
c 1 38-2 8-50 3-48 0-71 0-019 8-3 151 
5a 0 38-2 8-84 0-53 — 
b 0 38-2 5-58 0-38 — — — — 
a 1 38-2 7-94 4-20 0-70 0-021 6-3 178 
b 1 38-2 7-20 3-81 0-40 0-016 3-0 174 


The permeability coefficients have been corrected for change in cell volume during the experi- 
ment, and for the Donnan asymmetry, The efflux is the active value, with the passive component 
deducted. The external potassium concentration was 10 mm during this experiment. 


such that when the erythrocyte is rich in Na, the fall in Na on incubation 
at 38° C is greater than in the Na-poor cell, even when allowance is made for 
the increased passive efflux which is presumed to occur from the former. 
Most of the observations in this section have been made at 38° C, but similar 
findings are shown in Expt. 1 of table 3, where cell suspensions were incubated 
at 24-5° ©. 

In order to determine how changes in [Na,] affect Na efflux, the efflux was 
calculated from equation (14) using the permeability coefficients corrected for 
the Donnan asymmetry. Data so obtained show that when cells from two 
samples of the same blood have during incubation different mean values for 
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[Na,], the ratio of the higher to the lower mean Na concentration is always 
less than the ratio of the corresponding ‘active’ Na effluxes (i.e. total effluxes 
with the presumed passive components deducted): this is illustrated in Fig. 3. 
Hence it may be said that as [Na,] is raised, Na efflux rises; this is to be 
expected: but owing to the relative increase in the permeability coefficient for 
efflux which accompanies rise in [Na,], the increase in efflux is disproportion- 
ately great. This finding is of importance in interpreting results elsewhere, for 
if as a result of treatment [Na,] rises, but K; and Na efflux do not increase by 
the expected amounts, it may be concluded that the treatment has damaged 
the transporting mechanism in some way. 

These changes are accompanied by some increase in respiration, which 
appears to be associated with the absolute amount of efflux, rather than with 
the relative increase of efflux, or with change in the permeability coefficient 
for efflux (cf. nos. 3 and 4, with 5 of Table 3). The possible relation of alterations 
in potassium with increase in oxygen consumption is considered later. 


Effects of the external potassium concentration on the permeability 
coefficients for efflua (Ky) and influx (K}) 

In the experiments, tortoise erythrocytes were washed in a potassium-free 
medium and resuspended in plasma, whose potassium had been removed 
by passage through Na-charged cation-exchange resin (Zeocarb 216), and 
subsequent dialysis. Varying amounts of potassium chloride were added 
to the suspensions, which were incubated at 38° C with Na*. Three kinds of 
suspensions were used, whose initial potassium concentrations were 10, 3 and 
about 0-05 m-equiv/l. external medium, though the potassium-poor medium 
acquired potassium during incubation (Table 4), presumably by leakage from 
the cells'‘or by haemolysis. However, in Expt. 3, the volume of the external 
medium was forty times greater than that of the cells, and it was possible 
to keep external potassium low throughout. It will be seen (Table 4) that 
{Na,] of cells incubated in media containing about 3 m-equiv potassium 
rises to a slightly higher level than that of cells in the potassium-rich 
suspension, while K; is possibly a little greater and Kj a little less: the 
disparity between 16 and c at 0-1 hr is perhaps exceptional, for in three of 
the four observations K of cells in medium and high potassium media differ 
by 0-02 or less. However, this may be, when external potassium is very low 
rise of [Na,] during incubation is marked, and K; shows a definite increase 
while Ky decreases, the change in the latter being relatively less (0-23 °) 
than the corresponding change in Kj. In spite of the fall in Kj, increase in 
[Na,] of cells in potassium-poor media leads to a small increase in Na efflux. 
These findings are discussed later. 

Here, too, it may be questioned if the decrease in Kj is associated with a 
lowered respiratory rate, itself dependent on a low value for external potassium. 
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Such an association in the case of frog muscle has been observed by Hegnauer, 
Fenn & Cobb (1934) and by Keynes & Maisel (1954). A similar demonstration 
in the case of tortoise erythrocytes is difficult, for reliable records of respiration 
require that the suspension contain at least 20% of cells, and in such a medium 
gain of potassium from cells by an initially potassium-free suspending medium 
may amount to | or 2 m-equiv/hr, thus raising external potassium to a level at 
which Kj is little less than it is with high external potassium concentrations. 


TaBLE 4. Effects of the external potassium concentration on the corrected permeability 
coefficients of Na efflux and influx (Kj and Kj) at 38°C 


External Na 
potassium (m-equiv 
concentra- [Na] [Naf] effective 

‘Expt. Time tion (m-equiv/l. Ky Ki cell 
no. (hr) (m-equiv/l.) cell water) cell water) (cm x 10-4/hr) (em x 10-4/hr) volume. hr) 
labe 0 5-52 0-42 
a 1 Low 8-79 4-88 0-19 0-021 2-1 
b 1 Medium 6-82 3-24 0-27 0-013 2-1 
c 1 High 5-91 2-69 0-35 0-011 2-2 
a 2 1-12 9-80 6-95 0-24 0-016 2-9 
b 2 3-63 7-08 4-62 0-28 #011 2-3 
c 2 10-5 6-34 4-14 0-30 0-011 2-2 
2abe 0 5-25 0-43 

1 Low 7-10 4-50 0-48 0-021 3-5 
1 Medium 5-49 3-09 0-54 0-016 3-8 

1 High 5-11 2-69 0-54 0-014 
2 1-47 7-58 6-12 0-44 0-018 41 
2 4-34 6-00 4-71 0-48 0-016 3-5 
2 10-4 5-46 4-20 0-50 0-015 3-3 
3a 0 0-05 5-44 0-65 
b 0 3-04 5-46 0-62 ~- _— _ 
a 1 0-32 9-55 7-10 0-50 0-035 4-9 
b 1 3-09 6-46 4-16 0-57 0-021 4-5 
a 2 0-45 12-70 10-97 0-26 0-027 3-8 
b 2 3-22 7-37 5-92 0-36 0-016 3-2 


The permeability coefficients have been corrected for the Donnan asymmetry; volume correc- 
tions were not required. Na efflux is a value with the passive component deducted. 
However, with a 10% cell suspension and using manometers in triplicate, it 
was possible to obtain fairly consistent results. Thus, with one experiment, 
external potassium rose from 0-08 to 0-84 m-equiv at $ hr, and to 1-43 m-equiv 
at 1 hr: O, consumption was 176 yl./ml. cells. hr at 0-4 hr and 160 ul. at $-1 hr, 
while with cells in a potassium-rich medium (10-4 m-equiv/I.) O, consumption 
was 168 ul. at 0-4 hr and 172,l. at }-1 hr. In a second experiment external 
potassium at 0, 4 and 1 hr was 0-13, 1-28 and 1-77 m-equiv, while O, consump- 
tion at 0-4 hr was 192 yl. and at 4-1 hr 178 yl./ml. cells hr; with the potassium- 
rich control the figures were 194 and 184. Two other experiments gave similar 
results, and the figures suggest that values for external potassium between 
1 and 1-5 m-equiv/l. medium, which are associated with a decrease in K; though 
not with a decrease in Na efflux, are not associated with significant change in 
respiration, 


426 M. MAIZELS 


The effects of calcium and of other multivalent cations on tortoise erythrocytes 

Lyman (1945) observed that the erythrocytes of the snapping turtle were 
haemolysed by media containing no ionized calcium, and found that lysis 
could be prevented by the addition of salts of calcium and of certain other 
metals; his results are discussed more fully later. The erythrocytes of the 
African tortoise are also haemolysed by media which are citrated, or otherwise 
deprived of ionized calcium. The problem was investigated as follows: tortoise 
erythrocytes were kept overnight at 4° C in a calcium-free medium (160 mm- 
NaCl, 5mm-KCl and 11 mm-glucose); next day the supernatant fluid was 
removed, and the cells resuspended in 30 vol. of the same medium, or in 
plasma from which Ca had been removed with cation-exchange resin. In either 
case salts of Ca or other bases were added to a concentration of 2-5 mm, the 
pH was adjusted to about 7-2 and the suspension incubated at 38° C. After 
}-1 hr the suspension was centrifuged, the haemoglobin of the packed cells 
measured, and the degree of cell swelling calculated. There was difficulty in 
controlling the pH of the suspension, especially in plasma-free media, while 
some of the salts precipitated the plasma proteins, the tendency being more 
marked with old plasma. A typical result lists the cations and the corre- 
sponding percentages of cell swelling as follows: Ca*+ 102, Co*+ 104, Cd?+ 
118, Ni*+ 132, Ba*+ 155, Mg*+ 168, nil 166. Quantitative results are not closely 
reproducible, and the ability of polyvalent cations to inhibit the swelling of 
tortoise erythrocytes in plasma, as judged by seven experiments, may best be 
summarized as follows: Ca*+, Co?+, > Cd?+, > Ni?+, Zn?+ > > Cu?+ 
Fe*+, Mg*+ and nil. Results for cells in NaCl solution with added cation 
were similar. Many of the listed cations probably prevent swelling and 
lysis by precipitating proteins on the cell surface, and so lowering 
permeability, but there is no evidence that Ca*+ acts in this way, and its 
effects and those of Co*+ and Cd?+ have been investigated using Na*. In 
interpreting results, it should be remembered that the erythrocytes of different 
tortoises show considerable variation, some being haemolysed in Ca-free 
media after 20 min at 38° C, while others merely swell with very little 
haemolysis. 


Effects of Ca*+, Co*+ and Cd?+ on the permeability coefficients 
of tortoise erythrocytes 

Cells after storage overnight at 4° C in a Ca-free medium were resuspended 
in a medium containing 145 mm-NaCl, 5 mm-KCl, 1-5 m-MgCl, and 11 mm- 
glucose. This was divided, and 2-5 mm-CaCl, added to one-half and the 
equivalent amount of NaCl to the other half. As Ca-free suspensions are 
rapidly haemolysed at 38° C, observations were made at about 20° 0, Na* 
being added after 5 min equilibration. Results are shown in Table 5. 
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It will be seen that as a result of keeping overnight in a Ca-free medium at 
4° C tortoise cells swell slightly, and that subsequent incubation with CaCl, 
. causes shrinkage, while in the absence of Ca?+ swelling continues. So, too, 
| [Na,] which has risen during cold-storage, declines on incubation with Ca**, 
: but rises rapidly if Ca*+ be absent. The entry of Na* is also very rapid. In 
| Expt. 1, the values for [Na] and [Na*] are so high, that the error in Kj is gross: 
the only conclusion that this and similar experiments permit are that, at least 
a Effects of adding calcium to calcium-free suspensions of erythrocytes, on the permeability coefficients for Na 
efflux and influx (KX, and K, are uncorrected for the Donnan asymmetry; KX and Kj are the corrected coefficients) 
Permeability coefficients Na efflux 


(Nay) [Naf (em x 10*/hr) (m-equiv/I. 

Expt. Time [Ca,) (m-equiv/l. r A effective 
no. Species (° (br) (mm) FP cell water) cellwater) A, K, Kj i cell volume. hr.) 
le Tortoise 222 0 25 106 12-60 1-34 — — _ 

b 0 0 106 14-78 2-83 — 
a 1 2-5 9-43 2 0-44 043 00080 56 

b 1 0 109 29-65 23-75 0-57 018 O48 013 13-8 
a 2 25 7-54 3-26 0-41 OO1l O40 00081 42 
b 2 0 114 62-2 59-1 051 O37 O31 0-27 17-2 
2a Tortoise 19-2 0 25 105 10-52 0-61 — —_ — — _ 

b 0 0 105 12-00 1-96 — 

a 067 25 101 951 1-88 0-38 OO11 O37 00078 42 
b 067 O 105 15-58 8-50 0-44 040 0-053 6-7 
a 133 265 99 8-82 2-61 0-29 00-0001 0-29 00065 3-2 
133 O 107 26-1 034 0-132 0-28 0093 5-7 
3a Human 383 0 25 1038 8-18 0-20 — 

b 0 0 103 8-18 0-26 ~ one 
a 2 2-5 101 9-26 5-78 0-19 OO12 0-18 OO1I 3-2 
b 2 0 101 9-78 6-32 0-19 00138 018 0012 3-3 
a 4 25 100 9-34 7-08 0-10 0-0063 0-10 0-0055 2-0 
b 4 0 100 9-72 7:50 0-10 00065 0-10 0-0057 2-1 
4a Human 383 0 2-5 104 21-00 0-27 

b 0 0 104 21-23 0-37 — 
a 1 2-5 103 19-58 3-84 0-13 0014 012 OO012 5-1 
b l 0 102 19-60 4:30 0-15 0015 014 0013 5-7 
a 2 25 101 18-77 6-29 0-12 0012 O11 0010 42 
b 2 0 102 19-01 7-02 0-12 0013 O11 OO11 43 


Erythrocytes were kept overnight in a large volume of Ca-free medium at 4° C, and incubated next day in the standard 
nedium with and without Ca. V =volume as a percentage of the original cell volume. [Ca,] external calcium m-mole/I. 
ao Na efflux is a net value, with the passive 
t deducted. 


for a time, cells in a Ca-free medium at 20° C show an active Na efflux which 
is very vigorous, and that Na influx is greatly increased. It should be recalled 
that these observations apply to cell Na other than that which is easily 
exchanged : the easily exchanged fraction has also risen, If intercellular Na be 
excluded, this fraction is normally about 4 m-equiv/l. cells, and it rises to 
about 5 m-equiv as a result of storage at 4° C in a Ca-free medium. Incubation 
at 20°C with Ca?+ lowers this figure slightly, while in the absence of Ca** 
easily exchanged Na rises to 10 or 15 m-equiv/l. cells. 

Expt. 2 is more satisfactory, because the temperature of incubation was low 
| and the time short. It confirms that cell permeability to Na is much increased 
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in the absence of calcium salts, and that active Na efflux still occurs; indeed 
at 0-1 hr, Kj, the permeability coefficient corrected for the Donnan asym- 
metry is, if anything, slightly higher in the absence of Ca**+ than in its presence. 

Chicken and human erythrocytes are little affected by lack of Ca**+. Thus, 
human cells in Ca-free plasma (Table 5, nos. 3 and 4) or in plasma containing 
citrate or ‘versine’, show little or no increase in volume or Na concentration 
after 3 hr at 38° C. However, the use of Na* suggests that perhaps human 
cells may be slightly more permeable to Na when incubated in Ca-free media. 


6. Effects of adding cobalt, cadmium and calcium to calcium-free suspensions of tortoise erythrocytes, 


and for the Donnan asymmetry) 


Expt. 
no. 


w bo 


aoe oR SR SR SR SR 


oa 


V =volume as a percentage of the original cell volume. Co +, Cd + or Ca + =2-5 m-mole/l. suspension, of Co, Cd or Ca. 


m-equiv/I. 
Time Tem ( K K 
(m-equiv/l. (m-equiv 
Additions (br) V cell water) cell water) (cm x 10~*/hr) (cm x volume .br)| 
Co—;Ca+ 0 38-3 105 11-23 1-30 
Co +; Ca— 0 38-3 105 11-62 1-45 — = — 
Co—;Ca+ 1 38-3 99 1158 8-24 091 0-048 12-3 
Co +; Ca— 1 38-3 100 12-46 9-10 091 0-055 13-0 
Cd —; Ca+ 0 38-3 104 12-07 1-11 
;Ca— 0 38-3 106 11-76 0-86 

Cd + ; Ca+ | 38-3 104 12-17 6-37 0-50 0-029 73 

+;Ca— 1 38-3 109 39-5 32-6 0-25 0-14 60 
Cd —; Ca — 0 18-0 106 8-62 1-94 
Cd +; Ca— 0 8-0 107 6-44 
Cd —; Ca— 1 18-0 104 16-18 11-05 0-21 0-042 2-7 
Cd +; Ca — 1 18-0 101 1 0-16 0-0048 1:2 
Cd —; Ca— 0 245 108 12-86 4-88 
Cd +; Ca— 0 24-5 108 T 0-61 
Cd —; Ca — i 5 110 33-0 29-1 0-98 0-29 38 
Cd +; Ca— 24-5 108 6-88 1-48 0-43 0-010 83-5 
Cd —; Ca+ 0 20-0 104 7-70 
Cd +; Ca + 0 20-0 104 7-19 0-26 — — — 
Cd +; Ca+ 0 38-1 104 8-06 0-98 
Cd —;Ca+ | 20-0 100 7-22 1-86 0-26 0-0054 2-4 
Cd +; Ca+ 1 20-0 100 6-43 1 0-24 0-0033 2-0 
Cd +; Ca+ 1 38-1 104 24-7 18-7 0-087 0-070- 1-7 
Cd —; Ca + 0 38-2 113 591 0-29 
Cd +; Ca+ 0 38-2 113 6-32 0-23 — a 
Cd —; Ca+ 1 38-2 104 172 4-66 0-62 0-024 4-7 
Cd +; Ca+ 1 38-2 120 49-0 44-2 0-007 0-20 0-5 


Na efflux is the total efflux less the passive component. 


With regard to other bases: these seem to fall into two groups which are 
discussed later, and which are represented here by cobalt and cadmium. 
Table 6, no. 1, shows that Co*+ (0-0025 m) is as effective as Ca®+ in maintaining 
a high rate of Na efflux and a low rate of influx, and hence in preventing a 
rapid increase in the Na concentration and volume of the cell, even when 
suspensions are incubated at 38°C. (It will be noted that both in Expts. la 
and 6, K; is higher than usual, presumably because the cells are recovering 
more slowly from their preliminary overnight storage in a Ca-free medium). 
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Cd?+ on the other hand cannot replace Ca*+ (Table 6, no. 2): its action is 
complex, and it is simpler to consider first its effects at lower temperatures. 

When CdCl, is incubated with a Ca-free suspension at about 20° C (Cd+ ; 
Ca—), Na and Na* are both much less than in the corresponding Cd-free 
suspension (Cd — ; Ca —) (Table 6, nos. 3 and 4), and the permeability coefficient 
for influx, Kj, is also much less; indeed, K; is less than it is in Cd-free suspen- 
sions incubated with Ca at 20° C (Cd—; Ca+) (cf. Table 2, nos. 1-3, and also 
Table 5, Nos. la and 2a). Kj in cell suspensions incubated with cadmium 
salts at about 20°C is also less than in the absence of Cd (i.e. Cd+; Ca— 
compared with Cd — ; Ca— or Cd —; Ca+). When, however, Ca-free suspensions 
containing Cd*+ (Cd + ; Ca—) are incubated at 38° C (Table 6, no. 2), Na, Na* 
and K; are all much greater than they are in suspensions to which calcium but 
not cadmium has been added (Cd—; Ca+), while some swelling of the cells 
occurs. Ky and Na efflux, on the other hand, are less in the Cd+ ; Ca— than in 
the Cd— ; Ca+ suspensions, although the high Na concentration of the former 
might be expected to evoke a greater efflux. In spite of these changes, suspen- 
sions incubated at 38° C with Cd (Cd + ; Ca—) are better preserved than those 
without either calcium or cadmium (Cd — ; Ca—), for in the latter Na influx 
is very great, and though Na efflux may be considerable in the prehaemolytic 
stage, marked swelling occurs and lysis is usually present, slight, moderate or 
complete. Thus in one experiment 34% of cells incubated at 38° C without 
cadmium or calcium were lysed after 1 hr, while the volume of the residual 
cells had increased from 110 to 182%, and [Na,] from 8 to 106 m-equiv/I. 
cell water. Hence, it follows that cadmium causes a relative decrease in 
Na influx both at 20 and 38°C, though the effect is not evident in Ca-free 
suspensions (Cd+; Ca—) at the higher temperature, unless findings are 
compared with those of cell suspensions containing neither Cd**+ nor 

In view of this effect of Cd?+ in rendering tortoise erythrocytes less perme- 
able to passive penetration by Na, it might be thought that in the case of cell 
suspensions containing Ca*+, where Kj; is normally low,, the addition of 
cadmium (Cd+;Ca+) would lower K; still further, and at 20° C this is the 
case (Table 6, nos. 5a, 6), but at 38° C the presence of Cd**+ in suspensions 
containing Ca®+ greatly increases the permeability coefficient for influx 
(Table 5, nos. 5b, c; 6a, b). Kj and Na efflux are also decreased by Cd** at 
38° C, even in the presence of Ca*+ (Expt. 6), and the same effect is apparent 
though less striking at 20° C (no. 5a, 6). The apparent energy of activation for 
suspensions containing both Ca*+ and Cd*+ (no. 56, c) is for K, —10,200 cal 
and for Ki; +31,000 cal; these figures contrast with those associated with 
Cd —; Ca+ suspensions, + 10,000 and + 14,000 cal for K; and K; respectively. 
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TABLE 7. Effects of metabolic poisons on the permeability coefficients of tortoise erythrocytes at 38°C. The toefficiend 


430 M. MAIZELS 


Effects of metabolic poisons on sodium transfer 

In all metabolic experiments erythrocytes were twice centrifuged and sub- 
jected to two successive removals of the buffy coat. Preliminary investigations 
showed that when tortoise erythrocytes were incubated with cyanide, respira- 
tion was reduced by more than 80% in the first hour, while the permeability 
coefficient for Na efflux (Kj) fell by only 10-30%, and the decrease in efflux 
was even less. It is very unlikely that transport was supported by the trivial 
respiration still retained, but lactate production under these conditions was 
considerable, about 5mole/ml. cells. hr (Table 7 nos. 4a and 5a), and the 


for efflux and influx, Kg and K{ have been corrected for changes in cell volume, and for the Donnan asymmetry 


Additions for incuba- 
tion (m-mole/I. cell IN Na al 
suspension) a m-equiv/I. used ormed 
Ki Ki f. cell (ul./ml.  (umole/mi. 

no Glucose CN MIA (hr) (cm~x 10*/hr) (cm x 10~*/hr) cell water) volume.br) cells.hr) cells . hr) 
la 10 0 0 0-1 0-41 0-012 4-99 2-8 128 — 

b 0 5 0 0-1 0-31 0-019 6-00 23 15 — 

a 10 0 0 1-2 0-36 0-011 5-35 2:3 129 — 

b 0 5 0 1-2 0-22 0-024 8-90 18 0 0-34 
2a 10 0 0 0-1 0-57 0-019 5-05 38 181 _— 

b 0 5 0-15 0-1 0-50 0-083 6-21 39 14 0-19 

a 10 0 0 1-2 0-46 0-014 581 33 155 — 

b 0 5 015 1-2 0-22 0-038 10-72 3-2 8 0-13 
3a 10 0 0 0-1 0-52 0-018 6-00 40 140 — 

b 0 5 0-22 0-1 0-41 0-030 7-21 3-7 9 0-04 

a 10 0 0 1-2 0-55 0-018 6-35 4-2 148 _ 

b 0 5 0-22 1-2 0-13 0-082 11-14 18 0 0-03 
4a 10 5 0 0-1 0-47 0-036 6-93 4-2 0 4-4 

b 10 5 0-22 0-1 0-23 0-035 7-86 2-6 6 0-62 

a 10 5 0 1-2 0-30 0-021 9-52 3-4 0 3-8 

b 10 5 0-22 1-2 0-16 0-024 12-01 2-1 0 0-40 
5a 10 5 0 0-l 0-37 ~ 0-025 7:37 35 5 6-9 

b 0 5 0 0-1 0-31 0-025 750 29 3 0-62 

a 10 5 0 1-2 0-20 0-020 9-07 2-6 0 6-7 

b 0 5 0 1-2 0-16 0-025 10-31 2-1 0 0-59 


MIA =monoiodoacetate. [Nam is the geometric mean of the Na concentrations at the beginning and end of the observa; 


tion period. Na efflux is a value with the passive component deducted. 


possibility exists that glycolysis might have sustained transport in the cyanide 
poisoned cells. As it was desired to investigate Na transfer in cells whose 
metabolism had been virtually inhibited, these preliminary experiments were 
considered to be unsatisfactory. To limit lactate production in subsequent 
experiments various devices were used. Thus, in Expt. 1, cells were stored 
overnight at 4° C in a glucose-free medium, and the glucose-free cells divided 
between two other media, one containing glucose but no cyanide, and the other 
cyanide but no glucose. In this experiment lactate formation was slight, but 
Na transport was quite active. In nos. 2 and 3 glycolysis was cut still more and 
reduced to a very low level, by the addition of monoiodoacetate (MIA) as well 


as cyanide to the second suspension: here, too, K, though reduced was stil! 
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quite high, especially at 0-1 hr, and Na efflux was considerable. However, it 
seemed possible that MIA might exert some inhibition even on the respiring 
cell, either by a non-specific action, or else by limiting the production of 
respirable substrate. Expt. 4 shows that this may be the case: here both 
suspensions contained glucose and cyanide, but only one contained MIA as 
well; both continue to transport Na for a considerable time, but K, was 
definitely less when MIA was present with the cyanide. It will be noted that 
in the presence of cyanide lactate production was about 4mole/ml. cells. hr, 
while with MIA present as well it was only 0-6 umole, and it may be wondered 
if this correlates with the respective values of Kj: 0-47 and 0-23 at 0-1 hr. To 
clarify this point Expt. 5 was devised. Here, cyanide was added to each of 
two glucose-free suspensions and glucose to only one. In both respiration was 
very slight indeed, while the suspension containing glucose produced nearly 
7 mole lactate/ml. cells. hr and the glucose-free suspension only one-tenth of 
this, yet reduction in Ky was quite small—only 20°% compared with a 50% 
reduction in the presence of MIA. This shows that glycolysis is little, if at all, 
concerned with Na transport in tortoise erythrocytes. 

It will be noted that cyanide, with or without MIA, decreases Ky and 
increases K;, and hence [Na,] rises during incubation; the combined effect on 
efflux is such that this is little reduced during incubation, at least for the first 
hour (Table 7, nos. 1-3). 


DISCUSSION 
Sodium fractions in tortoise erythrocytes 
It has been seen that centrifuged tortoise erythrocytes contain about 5 m-equiv 
Na/l. cells trapped in intercellular plasma, and about 3-5-4 m-equiv/l. cells, 
which is very rapidly removed from the erythrocytes by washing with KCl 
solution. Gain of Na* from media containing tracer is about 0-2 m-equiv 
greater: the figures are qualitatively similar to those found in the case of 
human and chicken erythrocytes (Clarkson & Maizels, 1955). There is also 
a small inexchangeable Na fraction (cf. Solomon, 1952) of about 0-5 m-equiv/l. 


cells. 
Permeability coefficients for sodium in tortoise erythrocytes 

The discussion applies to the permeability coefficients for Na other than that 
fraction which is easily exchanged. It suffers from the defect that the equa- 
tions used rest on the assumption that Na transfer is a first order. process, 
which in the case of efflux at least, is not the case, though without such an 
assumption the complexity of efflux from tortoise erythrocytes might have 
remained hidden. It must be borne in mind, however, that the data for the 
permeability coefficients has no absolute quantitative significance, though the 
coefficients may be given a meaning when reviewed in relation to the relevant 
cell Na concentrations: this point has been mentioned earlier. The use of the 
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asymmetry correction may also be criticized, but it was thought that the 
corrected value might give a better picture of the transfer process than no 
correction at all. Thus in Table 5, no. 1, at 1-2 hr, with [Na,] rising from 
29-6 to 62:2 m-equiv, the amount of passive efflux may well be very great, and 
a permeability coefficient taking no account of this might be very misleading: 
this is apparent from an inspection of the corrected and uncorrected coefficients 
for influx and efflux. With regard to normal values: few of these are available 
because cells were usually left overnight in a large volume of plasma-free diluent. 
The nearest approach to normality is shown in Table 2, and even here the blood 
was centrifuged to remove leucocytes. The permeability coefficient for Na efflux 
is about three times as great as it is in human cells, and the rate coefficient 
about twice as great. As with human and chicken erythrocytes, so too with 
tortoise cells, there is an apparent decrease in the permeability coefficients 
with time, either from a decline in metabolic activity, or from a failure to 
allow for inexchangeable Na (see Solomon, 1952). In view of the maintained 
respiratory rate of tortoise cells over a 2 hr period (Table 7), the latter explana- 
tion seems more probable. Between 20 and 38° C the apparent activation 
energy for the permeability coefficient of efflux is less than that of influx 
(about 10,000 cal compared with 14,000 cal), and hence the concentration of 
cell Na is lower at the lower temperature than at the high. If the temperature 
of a cell suspension is further decreased to about 8° C, [Na,] does not alter 
significantly, and presumably in this range the activation energies of the 
coefficients for influx and efflux are about the same. Similar changes occur in 
chicken erythrocytes, while human cells show a rise of Na concentration when 
the temperature is lowéred from 38 to 20° C; it is likely that the maintenance 
of a relatively constant concentration of Na (and presumably of potassium) 
in erythrocytes over a wide range of temperature subserves some useful 
function, more especially in poikilothermic animals. 


Effects of cell sodium concentration ([Na;]) on the permeability coefficients 

Table 3 shows that when samples of tortoise blood are so treated that the 
cells from each have a different Na concentration, the permeability coefficient 
(corrected for the Donnan asymmetry) is greatest for those cells which have 
the highest initial value of [Na,]; it seems as though the device which effects 
transport becomes more highly geared when the sodium load is high. This is of 
importance in the present work, because under certain conditions (low external 
potassium, lack of external Ca, presence of metabolic poisons, etc.) cell Na 
rises and, apart from interfering factors, this ought to be accompanied by a 
rise in K}; in so far as the expected rise fails to occur, to that extent it may be 
presumed that there is a relative decline in the efficacy of the transporting 
mechanism, even though the associated Na efflux is not reduced and may 
perhaps increase. Fig. 3 compares the ratio of [Na,] in two samples of cells 
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from the same blood with the ratio of the corresponding effluxes and, if the 


former ratio is known, gives the expected ratio of the permeability coefficients 
for relatively normal cells, the line of regression is calculated on the assump- 
tion of an approximately linear relation. It provides a means of judging how 
far an observed coefficient (e.g. in cyanide poisoning) falls short of the expected 
value. Fig. 3 is based on data from Table 3 and similar experiments, and is 
approximately true for values of [Na,],, between 31 and 6-4 m-equiv/I. cell 
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Fig. 3. Individual points were obtained from different bloods, but each point is derived from two 
samples of the same blood, and shows the ratio of the mean Na concentration between 0 and 
1 hr of each sample, plotted against the ratio of the respective fluxes. Data were obtained 
from Table 3 and similar experiments. 


water: [Na], is the mean concentration of cell Na during the observation 
period, There is only one experiment in Table 3 (no. 5) which gives data for 
the ratio of low values of [Na,], but this is supported by a comparison of [Na,],, 
and Na efflux from random unpaired experiments. Owing to natural variations 
in the transporting power of different batches of erythrocytes, the points from 
random experiments show a good deal of scatter, but a satisfactory curve can be 
drawn which supplies the following data for [Na,],, and the associated efflux: 
5 m-equiv/l. cell water gives an efflux of 2:8 m-equiv/l. effective cell volume/hr; 
7-5 gives an efflux of 5-2, 10 an efflux of 7-4, 20 an efflux of 19, and 30 m-equiv 
an efflux of about 32 m-equiv Na. Here the ratios of paired values for [Naj],, 


and of the corresponding efflux give data in agreement with Fig. 3. 
28 PHYSIO. CXXXII 
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The apparent increase of the calculated permeability coefficients with rise of 
Na load indicates that the reaction involved is not of the first order. In the 
case of chicken erythrocytes, Na loading elicits a similar but slighter rise in 
the rate coefficient for efflux (Clarkson & Maizels, 1955), but with human cells 
K;, remains constant with change of [Na,] (Harris & Maizels, 1951); so too, 
Hodgkin & Keynes (1956) find that if Na or Na* be injected into squid axons, 
the efflux rises in direct proportion to [Na] or [Naf]. 

Clearly, in the case of a cell whose efflux is governed by a first-order reaction, 
if [Na,] doubles, then since K,[Na,]= K,[Na,], Na efflux and [Na,] in the steady 
state must also double: but.in the case of tortoise erythrocytes change in [Na,] 
would be relatively less, and the mechanism available there provides an extra 
defence against alteration in cell composition with change in environment. 
Whether such a mechanism, which would have special significance in an 
estuarine environment, is of value to the tortoise under natural conditions, 
is a matter of speculation. 

It has been seen that increased respiration accompanies marked increase of 
Na efflux, though when the absolute change in efflux is small respiration is 
little affected, even though the permeability coefficient for efflux rises (cf. 
Table 3, nos. 4 and 5). The origin of the respiratory increase remains obscure. 
It is known that O, consumption by frog muscle rises with increase of external 
potassium (Hegnauer ef al. 1934), while Keynes & Maisel (1954) report a 
doubling of O, consumption when the external potassium is raised from 0 to 
10 mm. But in the present experiments, Na-rich erythrocytes, which respire 
more than Na-poor cells, remove more potassium from the external medium 
when incubated, and lower the external potassium concentration to a greater 
extent, than do Na-poor cells: it is for this reason that external potassium 
was adjusted to the high figure of 10 m-equiv/l. in these experiments, a figure 
which in the case of Expt. 4 (Table 3) falls to about 5 m-equiv on incubating 
Na-rich suspensions and to about 9-5 m-equiv for Na-poor suspensions. In 
this experiment, too, the concentration of potassium in the Na-rich cells rose 
during incubation from 120 to 152 m-equiv/l. cell water, and in the Na-poor 
cells from 158 to 159 m-equiv. Hence, the overall potassium concentration 
of the Na-rich cell suspensions was throughout less than that of the Na-poor 


suspensions, and changes in the external potassium cannot explain the higher | 


respiration of the former, which seems to be evoked by the greater amount of 
osmotic work done. 

With regard to the permeability coefficient for Na influx: this, like the 
coefficient for efflux, is increased when Na-rich cells are incubated. It was 
suggested earlier that the increase in K, might arise from preliminary treatment 
with Ca-free media designed to raise [Na,]. Such treatment acts by increasing 
permeability, and if normal permeability were not fully restored after sub- 
sequent treatment with Ca-rich media, the high values for K, would be 
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explained. On the other hand, all the findings may be due, in part at least, to 
a linkage of Na efflux and influx such as Harris & Maizels (1951) suppose to 
occur with human cells, and which they ascribe to ‘a single mechanism for 
transport in either direction’. If so, increased influx might be either the 
cause or the result of the increased efflux. 


Effects of the external potassium concentration on the 
permeability coefficients 

It has been seen (Table 4) that when in a number of cell suspensions the 
external potassium concentration is varied between 10 and 3 m-equiv/I. 
medium, Kj is, as a rule, little affected, though there is perhaps a slight fall. 
When, however, the external potassium concentration had been adjusted to 
a very low level, and during incubation was 1 m-equiv or less, K, showed 
a definite fall, while K; and [Na,] rose. It has.already been seen that the 
permeability coefficient for efflux normally rises with increase of [Na,], and 
the fact that cells in a potassium-poor medium show a rise in [Na,] with a fall 
in Ky suggests that the efficacy of the transporting mechanism is impaired. 
Similarly, for Na efflux: when the data in Table 4 are related to Fig. 3, it 
becomes clear that for cells in potassium-poor media, the values of the Na 
fluxes are lower than might be expected. Thus the ratio of the mean [Na,] 
values in Expt. 1 for a and ¢ at 0-1 hr are 6-96/5-72 or 1-2, and hence the ratio 
of the Na fluxes should be 1-3, giving an efflux of 2-7 m-equiv/l. effective cell 
volume hr for c, instead of the observed 2:1. So, too, the efflux at 0-1 hr in 
3a should be 1-2 times that of 3b, or 5-4 m-equiv instead of 4-9. Nevertheless, 
as a result of the high level of [Na,], Na efflux is maintained or even increased 
when external potassium is very low, and at a time when it is likely that 
potassium influx has fallen. 

It has already been noted that in potassium-poor media the coefficient for 
Na influx, and hence the influx itself, increases: this is not due to a comple- 
mentary increase in the external Na concentration, which will amount to but 
3 m-equiv/l. This increa#€ of influx is not seen in human or chicken erythrocytes 
(Harris & Maizels, 1951; Clarkson & Maizels, 1955), but in the case of horse 
erythrocytes Shaw (1954) finds that the Na influx rises when external 
potassium is low. He suggests that sodium is carried inwards, not only by the 
usual devices, but also by carriers normally devoted to the inward transport 
of potassium. 

It is also possible that the fluxes are affected by metabolic factors, themselves 
dependent on the external potassium concentration. Thus decreased respira- 
tion in potassium-poor media might account for a decrease in the coefficient 
for efflux, and by affecting the nutrition of the cell membrane, for the observed 
rise in Na influx. However, this explanation is inadmissible since respiration 
was the same whether the external potassium concentrations were about 1 or 
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10 m-equiv, and appeared to be associated with Na efflux, which was well 
maintained in spite of low external potassium concentrations, rather than with 
the coefficient for efflux, which decreased. 


Calcium and sodium transfer in tortoise erythrocytes 

Black & Irving (1938) found that if carp’s blood were oxalated haemolysis 
occurred. Similarly, Ferguson, Horvath & Pappenheimer (1938) found that 
the addition of fluoride caused dog-fish cells to haemolyse, and later this 
phenomenon was observed by Hamdi & Ferguson (1940) with the blood of the 
tautog, sea-robin and squeteague. Ferguson ef al. (1938) suggested that the 
lysis was due to the removal of ionized magnesium, but fluoride will also 
remove ionized calcium, and in view of Lyman’s (1945) observations, it is 
probable that the removal of Ca** is the effective factor in promoting lysis of 
the erythrocytes examined by Ferguson et al. Lyman found that the erythro- 
cytes of the snapping turtle were haemolysed by Ca-free media; the erythro- 
cytes of the golden-striped, box and marine turtles were unaffected by Ca-lack. 
In protein-free media (where Ca if present is presumably ionized) turtle 
erythrocytes were haemolysed in the absence of Ca after 16 hr in a refrigerator, 
but 1 mm-Ca sufficed to prevent lysis. Our own work shows tortoise cells to 
be much less sensitive: they swell by about 10%, but are not haemolysed when 
kept overnight at 4° C, while at 38° C 0-1 mm-Ca prevents haemolysis. 

These findings contrast with those occurring in chicken and human erythro- 
cytes, where little, if any, swelling and no haemolysis occurs in Ca-free media, 
and certainly citrated human blood may be kept at 37° C for 24 hr without 
significant haemolysis. It is, however, possible that Na influx is very slightly 
increased when human cells are incubated in Ca-free media (Table 5), and it 
may be noted that Wilbrandt (1940) observed that loss of potassium from 
human erythrocytes suspended in glucose solution was decreased by the 
addition of Ca** or Mg**+. Thus human erythrocytes differ from those of 
the tortoise, where Mg** cannot check the haemolysis induced by lack 
of Ca?+. 

Lyman (1945) has also shown that NH,*+, Ba*+, Lit, Mn®+, K+, Na*+ and 
Sr*+ added to a concentration of 1-7 mm failed to prevent haemolysis of the 
erythrocytes of the snapping turtle; with Al®+, Cr*+, Co*+ and Mn?+ lysis was 
slight, while no lysis was seen with Cd*+, Ca?+, Cu®+, Fe*+, Ha®+, Ni®+ and Zn?+. 
In our experiments the anti-haemolytic effect of various bases was graded 
as follows: Ca*+, Co*+, Mn*+>Zn*+, Cd?+, Ni®+>Sr2+> Ba?+>Cu®+, Fe*+, 
Mg** and nil. The grading differs a little from that of Lyman, in that it shows 
Co*+ to have marked and Sr** slight antihaemolytic effect, while Cu2+ and 
Fe*+ have practically none. The explanation may lie in difference of method. 
Lyman worked with cold unbuffered solutions of unspecified pH, and judged 
the extent of any anti-haemolytic effect from the presence or absence of 
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haemolysis in the supernatant from the centrifuged cells. It has already been 
seen that at 20° C, cadmium, a member of Lyman’s third group, exerts a 
marked non-specific effect in decreasing permeability to Na, a property which 
may well be shared by other members of the group-«In our own experiments, 
2-5 m-moles of the respective bases were added to Ca-free plasma, pH was 
adjusted to 7-2, and the suspensions incubated at 38° C for an hour, after 
which the degree of cell swelling was measured; it was thus possible to detect 
effects short of those necessary to cause haemolysis, while at the higher 
temperature non-specific effects decreasing cell permeability were reduced to 
a minimum. Under these conditions cell swelling was usually present when 
zinc or cadmium were added, and in the case of copper and iron this was 
marked, and sometimes accompanied by haemolysis. Ultimately, after the 
addition of Cu?+, Fe*+ and Zn*+ the erythrocytes were welded into a compact 
structureless sludge, even when the supernatant fluid was little coloured, while 
after the addition of these and also Cd*+ agglutination was immediate. Lyman 
ascribed this agglutination and also the inhibition of haemolysis by members 
of his third group to the precipitation of proteins at the cell surface with 
a decrease in permeability: this would appear to be the correct explanation. 
Of those bases which do not precipitate proteins, Lyman found calcium alone 
to be an effective anti-haemolytic agent; to this our series adds cobalt and 
manganese. 

The effect of Ca*+ and Co*+ depends on control of Na penetration, and hence 
of osmotic swelling, and it is given quantitative expression in Tables 5 and 6, 
where it is shown that absence of Ca*+ (or Co*+) is associated with a very great 
increase in the permeability coefficient for influx. The coefficient for efflux 
(corrected for asymmetry) is but little affected by incubation at 20° C in Ca-free 
media, at least for an hour. However, at 1-2 hr, the permeability coefficient is 
not increased to the extent expected from the high values for [Na,] found (cf. 
Table 3), and indeed in Expt. 1, and others not shown in the table, K; is actually 
decreased as a result of incubation in Ca-free media. Further, the expected 
efflux at $-14 hr in Expt. 2) of Table 5 (calculated from [Naj],, of a and 6, and 
the data in Fig. 3) is about 9 m-equiv/l. effective cell volume.hr, while the 
observed efflux is 5-7: the data for[Na,] in Expt. 1 is outside the range of Fig. 3. 
It thus appears that prolonged exposure to Ca-free media and the associated 
changes in the cell membrane, which are manifest from the first in increased 
influx, lead ultimately to decreased efficiency of the transporting mechanism. 

It may be wondered if the action of Ca is due to a possible effect in main- 
taining a continuous oil phase in an oil-water system, and if in its absence the 
water phase of the cell membrane becomes continuous (cf. Clowes, 1916). But 
this is unlikely: thus in one experiment with a Ca-free suspension of tortoise 
erythrocytes, the cells swelled by 76% in 3 hr at 37° C, and the absolute gain 
of Na was 157 m-equiv/l, (original) cells, with an absolute loss of only 
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49 m-equiv potassium. After correcting for the asymmetry factor, this shows 
that the rate of Na entry was over twice the rate of potassium escaping. In 
view of the greater size of the hydrated Na ion compared with the hydrated 
potassium ion, it seems likely that even in the highly permeable cells of Ca-free 
suspensions unhydrated Na and K move across a continuous lipid phase and 
not the hydrated ions (cf. Davson & Reiner, 1942; Solomon, 1952). 

The effects of Cd on tortoise erythrocytes are quite different from those of 
Ca. Cd decreases permeability, and so tends to delay cation exchange and 
osmotic swelling. This effect is best seen at relatively low temperatures (about 
20° C), for at higher temperatures it is overshadowed by the opposing effects 
of Ca-lack, which cause a considerable increase in cell permeability (Table 6). 
However, even at 38° C some decrease in permeability is caused by Cd?+, 
for [Na;] and cell swelling is less in the presence of Cd?+ than in suspensions 
devoid both of Cd®+ and Ca?+, while haemolysis, which is constant and rapid 
in the latter, is considerably delayed in suspensions containing Cd*+. Cd?+ also 
lowers the permeability coefficient for Na efflux (Table 6, No. 2), while in 
the absence of Ca*+, both Kj and also the Na efflux are much less in the 
presence of Cd?+ (Cd + ; Ca—) than in its absence (Cd — ; Ca—) (Nos. 3 and 4). 
Presumably the decrease in the coefficient for efflux is due to direct poisoning 
by Cd?**+. 

When Cd?+ is added to suspensions containing Ca?+ (Cd + ; Ca +), the effect 
is largely that of Cd®+ alone: Ky is depressed while Kj; is decreased at 20° C 
and much increased at 38° C. Apparently Cd*+ competes with Ca?+, displacing 
it from combining areas in the cell membrane, so that the protective action of 
Ca?+ is no longer available. The apparent energy of activation for K, in 
Cd+;Ca+ suspensions is — 10,000 cal and for K; +30,000 cal. contrasting 
with normal values in Cd—; Ca+ suspensions of +10,000 and + 14,000 cal. 
Clearly the effects of temperature on the passive penetration of Na are more 
complex in the presence of Cd?+ and Ca*+ (Cd+ ; Ca+), and probably also in 
the absence of both ions (Cd—; Ca—) than they are in simple Ca-containing 
suspensions (Cd — ; Ca+). 


Effects of metabolic poisons on the permeability coefficients for 
sodium transfer 

When human erythrocytes are treated with NaF, cell Na rises, presumably 
owing to failure of the transporting mechanism. The failure is not immediate, 
because the normal Na level is maintained for some time, [Na,] beginning to 
rise about $ hr after the addition of NaF (Harris & Maizels, 1951). Clarkson & 
Maizels (1955) found with fresh chicken erythrocytes that the rate coefficient 
for efflux fell by over 50% during the 2 hr period after treatment with cyanide, 
though if the cells were first centrifuged and washed reduction in the rate 
coefficient might be much greater: even so, some active transport continued 
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for at least 4 hr after the addition of cyanide. So, too, Keynes & Maisel (1954) 
have shown that Na efflux from frog muscle is not affected by exposure to 
cyanide and iodoacetate for 3} hr. In all these instances it was suggested that 
the transport was maintained by substances containing energy-rich phosphate 
bonds. In the case of tortoise erythrocytes, metabolic poisons have [ittle effect 
at 0-1 hr on Ky and the Na efflux, which decrease only slightly; the perme- 
ability coefficient for influx, on the other hand, is definitely increased 
(Table 7). But at 1-2 hr Na transport and efflux in the presence of metabolic 
poisons are definitely less than in their absence. It has been said that Kj is 
raised in poisoned preparations, and it is likely that the resulting high values 
for [Na,] act as a stimulus to transport and help to maintain a high Na efflux 
in the face of simultaneous poisoning by cyanide. But here too, as elsewhere, 
the comparative failure of the transporting system is shown by the fact that 
in spite of high values of [Na,], Kj and Na efflux are not higher than in the 
low-Na unpoisoned systems, and are indeed very often less. Indeed, if the 
data for [Na], of Expts. a and b of Table 7 are used in conjunction with Fig. 3, 
it may be shown that at 0-1 hr the expected figure for efflux in the cyanide- 
poisoned suspension of Expt. 15 is 3-5 compared with the observed efflux of 
only 2-3 m-equiv/l. effective cell volume.hr; in 26 the figure is 5 compared 
with 3-9 observed, and in 36 the expected value is 5 compared with an actual 
efflux of 3-7 m-equiv. 

Nevertheless, active Na efflux from tortoise erythrocytes does continue at 
a fairly high level for 1 or 2 hr after respiration and glycolysis have been largely 
inhibited, and it is probable that here, as in the examples cited above, the 
flux is motivated by compounds with energy-rich phosphate bonds. Figures 
for easily hydrolysable phosphorus have been very variable, within a range 
of 10-22 mg/100 ml. cells, while inorganic phosphorus has been variable and 
high. It was thought that some other compound more labile than adenosine 
triphosphate, such as creatine phosphate, might be present in the erythrocytes 
and the presence of this compound has been confirmed chromatographically 
by Dr T. A. J. Prankerd. 


SUMMARY 

1. In tortoise erythrocytes Na is transported actively, the movement being 
energized by respiration. 

2. Centrifuged tortoise erythrocytes contain about 3-5% intercellular 
plasma, contributing about 5 m-equiv/l. Na to the gross content of the cells. 
In addition, about 4 m-equiv Na are very rapidly removed from the cells 
themselves by a rapid wash with KCl solution. Residual Na, including a small 
slowly exchanging fraction, amounts to 4 or 5 m-equiv/l. cells. Permeability 
coefficients have been determined for Na other than that which is easily 
exchanged. 
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3. The permeability coefficients (corrected for the Donnan asymmetry) for 
fresh tortoise erythrocytes at 38° C are about 0-6 x 10~* cm/hr for efflux and 
0-02 x 10-* em/hr for influx. 

4. The apparent energy of activation for the permeability coefficients 
between 20 and 38° C is 10,000 cal for efflux and 14,000 cal for influx; hence 
cell Na concentration falls when suspensions are cooled from 38 to 20° C. 

5. When [Na,] is high, the permeability coefficient for efflux is greater than 
with low values of [Na,], and the corresponding efflux is disproportionately 
great. Hence the efflux is not a first-order process. Increased Na efflux with 
high values of [Na,] is accompanied by greater O, consumption. 

6. If the concentration of potassium in the external medium is raised from 
3 to 10 m-equiv/l., the permeability coefficients for efflux and influx remain 
practically constant, but with the external potassium concentration at about 
1 m-equiv/l., the permeability coefficient for influx rises, while the coefficient 
for efflux falls. O, consumption is unaffected by changes in external potassium 
between 1 and 10 m-equiw). 

7. If Ca be absent from the external medium, the permeability coefficient 
for efflux is little altered, though it may decrease after an hour or two at 
38° C. The coefficient for influx increases very rapidly, inflow of Na and water 
quickly leading to haemolysis. Co and Mn but not Mg can replace Ca. Cd in 
the absence of Ca delays cell swelling and lysis, probably by producing a 
barrier of precipitated protein at the cell surface. This is best seen at 20-25° C; 
at 38° C the effect is masked by the preponderating influence of Ca-lack, so 
that swelling and lysis ultimately occur. If Cd and Ca are both added to a cell 
suspension at 38° C, the permeability coefficient for Na influx is much greater 
than when Ca is present alone. Apparently Cd competes with and displaces 
Ca from the cell surface. Under all conditions Cd depresses the permeability 
coefficient for active Na efflux. 

8. In the presence of cyanide, the permeability coefficient for Na efflux is 
lowered, but even when cyanide is added to a glucose-free suspension, so that 
respiration and glycolysis are virtually absent, Na efflux remains fairly active 
for at least 2hr. It is thought that this residual transport is mediated by 
substances with energy-rich phosphate bonds, such as adenosine triphosphate 
and creatine phosphate. 


My thanks are due to Dr C. S. Spanner and Mr R. D. Keynes for advice, and to Mr N. Veal! 
for providing iodinated albumen. 
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THE ACTIONS OF PANCREOZYMIN IN PANCREAS SLICES 
AND THE ROLE OF PHOSPHOLIPIDS IN 
ENZYME SECRETION 
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(Received 19 December 1955) 


In previous papers it was shown that pancreas slices actively secrete digestive 
enzymes (amylase, lipase and ribonuclease) when incubated in the presence 
of cholinergic agents such as acetylcholine and carbamylcholine (Hokin, 1951 a; 
Schucher & Hokin, 1954). It was further shown that the stimulation of 
enzyme secretion was associated with a marked stimulation of the incorpora- 
tion of **P into the ether-soluble phospholipids (Hokin & Hokin, 1953, 1954, 
19556). The data in these earlier papers were not sufficient to prove that the 
phospholipid effect plays a role in the secretion of enzymes, for although the 
predominant effect of cholinergic agents in the pancreas is the secretion of 
enzymes, in some species there may be some stimulation of water and bicarbo- 
nate secretion (see Babkin, 1950). Fortunately, the existence of two separate 
hormones—pancreozymin, which stimulates exclusively enzyme secretion, 
and secretin, which stimulates only water and bicarbonate secretion (Harper & 
Vass, 1941; Harper & MacKay, 1948; Davies, Harper & MacKay, 1949; Jorpes 
& Mutt, 1954), has enabled the question to be solved in a most satisfactory 
manner. 

The work reported here shows that the secretion of amylase by pancreatic 
tissue can be elicited im vitro in response to the hormone pancreozymin, and 
that under these conditions the incorporation of *P into the ether-soluble 
phospholipids is stimulated in essentially the same manner as was found 
previously with cholinergic drugs. The degree of stimulation is the same with 
either pancreozymin or acetylcholine, and the reaction is shown in each case 
to involve turnover of phosphate in preformed phospholipids and fot synthesis 
de novo of the whole phospholipid molecule. Secretin has no effect on the 
incorporation of **P into the phospholipids under these conditions. The 
phospholipid effect does not seem therefore to be related to water and ion 
secretion, nor is it a side-effect encountered only with cholinergic drugs. 
It is concluded that the process of active extrusion of enzyme from the cell 
involves the turnover of phosphate in the phospholipids of the pancreas. 
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METHODS 


Normal fed pigeons were used. Pancreas slices were prepared as previously reported (Hokin & 
Hokin, 1953), except that no drugs were administered to the animals before they were killed. 
Approximately 100 mg of tissue were added to each vessel; the final volume of the medium was 
3 ml. Slices were submitted to preliminary incubation for 15 min and then transferred to the 
experimental vessels as described previously (Hokin & Hokin, 1953). Incubations were carried 
out in a Warburg bath at 39° C, the duration of incubation being 2 hr except where otherwise 
indicated. In experiments in which O, uptake was measured, a modified (Hokin, 1951 a) medium III 
of Krebs (1950) was used, with O, as the gas phase; in the other experiments the medium was the 
bicarbonate saline of Krebs & Henseleit (1932) with 5% CO, +95 % O, as the gas phase. 

Samples of highly purified pancreozymin and secretin were very kindly supplied by Dr Erik 
Jorpes, who has reported on the method of preparation and standardization (Jorpes & Mutt, 
1953 a, b, 1954, 1955). The hormone preparations used here were assayed in Dr Jorpes’s laboratory. 
0-2 mg of the pancreozymin preparation was found to give a strong stimulation of enzyme 
secretion in the cat. The secretin preparation had a potency of 11,000 cat units/mg, the cat unit 
being defined as that amount of secretin which will yield a quantity of pancreatic juice containing 
0-1 ml. of 0-1~-NaHCO,. The hormone preparations were dissolved in water and the solutions 
were either used immediately or stored for not more than 6 days at 4° C. 

Approximately 10 uo of *P as NaH,PO, were added to each vessel. The specific activity of the 
glycerol-1-“C was 1 uwo/umole; 2-5pmole were added to each vessel. The amount of amylase 
synthesized and the amount of amylase secreted were assayed as previously described (Hokin, 
1951 a, 6). Amylase activities are expressed as unite of Smith & Roe (1949) per mg of the initial 
wet weight of the tissue. The specific activities of the acid-soluble phosphate esters were deter- 
mined as described previously (Hokin & Hokin, 1953). The ether-soluble phospholipids were 
extracted and purified as described (Hokin & Hokin, 1953), except that all evaporations were 
carried out on a water bath at 55° C under nitrogen. Glycerophosphate was isolated by paper 
electrophoresis from alkaline hydrolysates of the total phospholipids (Hokin & Hokin, 1954). 
All *P specific activities are expressed as counts/min/yg P corrected to an initial specific activity 
of 100,000 counts/min/yg P for the inorganic P of the medium. 


RESULTS 
The stimulation by pancreozymin of enzyme secretion and the incorporation 
of **P into the phospholipids in pigeon pancreas slices 

In pigeon pancreas slices pancreozymin stimulated both the secretion (active 
extrusion) of amylase from the cells into the medium and the incorporation of 
®P into the ether-soluble phospholipids. Within the effective range, these 
effects increased with increasing concentrations of pancreozymin (Table 1). 
With this preparation of pancreozymin the minimum effective concentration 
for stimulating enzyme secretion and the incorporation of **P into the phospho- 
lipids was between 1 and 10yg/ml.: the maximum effective concentration for 
the phospholipid effect was between 100 and 200yug/ml. As was the case with 
acetylcholine, the concentration of pancreozymin which gave maximal enzyme 
secretion was lower than that necessary to produce maximal stimulation of 
the incorporation of **P into the phospholipids. It should be emphasized, 
however, that the stimulation of enzyme secretion by pancreozymin was 
always accompanied by some increase in the incorporation of *P into the 
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phospholipids. We previously reported (Hokin & Hokin, 1954) that enzyme 
secretion could be stimulated half-maximally by a concentration of carbamy]- 
choline sufficiently low to produce no ‘significant’ effect on the incorporation 
of #*P into the phospholipids. Actually, there was a 43% increase in the incor- 
poration of **P into the phospholipids when enzyme secretion was stimulated 


Tass 1. Effect of increasing concentrations of pancreozymin on amylase secretion and the 
incorporation of **P into the ether-soluble phospholipids in slices of pigeon pancreas 


Expt. 1 Expt. 2 
Amylase : Amylase Bie 
medium activi in medium Specific activit. 
Pancreoz (uta fresh phospholipi (units/mg fresh of phospholipi 
(ug/ml.) wt. tissue) (counts/min/ yg P) wt. tissue) (counts/min/ yg P) 
0 8-6 71 3-9 84 
0-01 8-3 68 
0-1 8-8 66 
1 63 
10 10-7 82 5-9 135 
50 71 520 
100 13-4 1065 7-4 1150 
200 5-7 1400 
= 300} 
§ 10+ 200 
100+ 
: 
0 i L 0 j 
0 30 60 90 120 0 30 60 90 120 
Duration of incubation (min) Duration of incubation (min) 


Fig. 1. Effects of pancreozymin on the rate of secretion of amylase and the rate of incorporation 
of **P into the ether-soluble phospholipids of pigeon pancreas slices. Solid circles, control; 
open circles, pancreozymin (100 ug/ml.). 


half-maximally with carbamylcholine (10-*m), but this was not considered 
significant as compared to the maximal stimulation, which could exceed 
1000%. A further analysis of all the experiments has shown that there has 
never been a case of a definite stimulation of enzyme secretion by either 
cholinergic agents or by pancreozymin which has not been accompanied by 
some increase in the incorporation of **P into the phospholipids. 
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The rates of secretion of amylase and the incorporation of *P into the 
phospholipids during the 2 hr incubation period are illustrated in Fig. 1. Over 
this period of incubation the rate of enzyme secretion in the presence of 
pancreozymin was linear, whilst the rate of incorporation of *P into the 
phospholipids showed an increase. With acetylcholine the rates of both of 
these phenomena decreased with time (Hokin & Hokin, 1953), although the 
cell still had an appreciable enzyme content after incubation. Harper & 
MacKay (1948) found that the rate of enzyme secretion in response to pan- 
creozymin in vivo was linear over a 2 hr period, but that the increased output 
of enzymes in response to vagal stimulation declined progressively after the 
Taste 2. The incorporation of *P into the acid-soluble phosphate esters of pigeon pancreas 

slices in the presence of pancreozymin. Further data from the experiment illustrated in 
Fig. 1 


ate esters (counts/min/pg 
Duration A 
of incubation + Pancreozymin 
(min) Control (100 pg/ml.) 
30 2210 1980 
60 3880 3270 
120 5480 5940 


TasLe 3. The oxygen uptake of pigeon pancreas slices in the presence of pancreozymin and 
acetylcholine. The slices were incubated for 30 min before adding the secretory agents 


x 100* 
Vessel additions Initial Qo, 
None 91 
Pancreozymin (75 pg/ml.) | 93 
Acetylcholine (10-*m) + Eserine (3 x 10~*m) 85 


* The Qo, values are for the 30 min immediately after adding and are expressed as a percentage 
of the initial values before adding. 


first half-hour. They were unable to attribute any physiological significance 
to this as they point out that the diminution in enzyme output might have 
been due either to general deterioration of the animal’s condition or to damage 
to the vagal trunk, although there were no obvious signs of these. In view of 
the fact that the same picture is also found im vitro, it is possible to conclude 
that the pancreas cells become refractory to cholinergic stimulation if this is 
prolonged, but that they do not become refractory to pancreozymin under 
the same conditions. 
Respiration and secretory function 

In pigeon pancreas slices pancreozymin did not affect the rate of incorpora- 
tion of **P into the acid-soluble phosphate esters (Table 2). Nor was the rate 
of O, uptake increased in the presence of either pancreozymin or acetylcholine 
(Table 3). -Previous work, also with pigeon pancreas slices, showed that 
acetylcholine did not increase the rate of incorporation of **P into the acid- 
soluble phosphate esters (Hokin & Hokin, 1953). Deutsch & Raper (1936) and 
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Davies et al. (1949) found that acetylcholine and pancreozymin acted as 
respiratory stimulants in isolated cat pancreatic tissue. The action of these 
agents as respiratory stimulants would seem therefore to be species-dependent. 
Since secretion of enzymes occurs in pancreas slices in response to these 
agents without any stimulation of respiration, the respiratory stimulation 
cannot be an essential event in the mechanism of action of these secretory 
stimulants. 


Comparison of the effect of pancreozymin on the incorporation of glycerol-1-4C 
and into the glycerophosphatides 

Acetylcholine stimulated the incorporation of **P into the glycerophospha- 
tides of pancreas slices over ninefold, but the incorporation of glycerol-1-“C 
was not increased by more than 20% (Hokin & Hokin, 1954). When pan- 
creozymin was used as the secretory stimulant the same picture was found. 
In the presence of pancreozymin, glycerol-1-C incorporation was increased by 
only 30%, whereas *P incorporation was increased over fivefold (Table 4). 


TaB_e 4. Comparison of the effect of pancreozymin on the incorporation of glycerol-1-“C and 
%2P into the glycerophosphate of the phospholipids of pigeon pancreas slices 


Specific activity of 
glycerophosphate of 
(counts/min/yg P) 
Vessel additions =p 
None 21 56 
Pancreozymin (100 »g/ml.) 28 292 


* Incubations with glycerol-1-“C and **P were carried out in separate vessels. 


These results confirm that the increased incorporation of **P is due to an 
increased turnover of phosphate of the phospholipid and not to synthesis 
de novo of the whole molecule. It was previously shown using acetylcholine 
that the phosphate turnover was stimulated in phosphory! choline, phosphory! 
ethanolamine, phosphory] serine and phosphoinositide, the latter accounting 
for 75%, of the overall increase in turnover. It was further shown that the 
incorporation of ethanolamine-2-“C and choline (derived metabolically from 
the ethanolamine) into phosphatidyl ethanolamine and phosphatidy! choline 
respectively was increased to the same extent as the incorporation of **P 
(Hokin & Hokin, 19555). By analogy, it can be argued that the incorporation 
of serine and inositol into their respective phospholipids is also increased to 
the same extent as the *P incorporation. Thus, the stimulation of enzyme 
secretion would appear to involve the turnover of phosphate ester moieties 
in the various phospholipid molecules concerned. 
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Comparison of the effects of pancreozymin and acetylcholine 
and the action of atropine 

Previous work indicated that the concentration of acetylcholine required 
to give a maximal phospholipid effect in pigeon pancreas slices was of the 
order of 10-°m (Hokin & Hokin, 1954). The concentration of the pancreozymin 
preparation required to give a maximal effect was about 150ug/ml. Approxi- 
mately the same percentage stimulation of both enzyme secretion and the 
incorporation of **P into the phospholipids was obtained when maximal con- 
centrations of acetylcholine and pancreozymin were compared in the same 
experiment. Added together in concentrations which were submaximal for 


TaBLe 5. Effects of pancreozymin and acetylcholine added together in pigeon pancreas slices 


Vessel additions Amylase Specific activity 

cetylcholine fresh phospholipids (*P) 

Expt. (M concen.) tissue) (counts/min/ pg P) 
1 6-3 42 
10 — 9-6 142 
10” 156 
10 10-7 10-5 280 
50? 10-7 470 
— 10-* 12-0 514 
50 10-* 11-4 616 
150 -- 11-6 676 
— 10-5 12-8 730 
2 a 9-1 53 
75 12-8 285 
10-¢ 13-7 190 
75 10-* 13-3 427 
— 10-5 13-6 487 
3 ons 4-1 73 
150 9-3 467 
10-* 9-0 572 
150 9-6 650 


* Eserine (3 x 10-*m) was added with the acetylcholine. 


the phospholipid effect, pancreozymin and acetylcholine had an additive effect 
on the incorporation of **P into the phospholipids up to the maximal per- 
centage stimulation found with either agent added individually in higher 
concentrations. The addition of acetylcholine and pancreozymin together, 
each in a concentration maximal for the phospholipid effect, did not produce 
any significant increase above the effects observed with either agent alone 
(Table 5). It seems from these results that the responsiveness of the gland to 
secretory agents reaches a maximum which is the same for any particular 
gland, regardless of the method of stimulation. 

Harper & Raper (1943) found that the secretory effect of pancreozymin on 
the pancreas in vivo was not affected by doses of atropine sufficient to abolish 
enzyme secretion brought about by cholinergic stimulation. We have found 
the same to be true in vitro (Table 6). Concentrations of atropine as high as 
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10-*m did not abolish the secretion of enzymes from slices incubated in the 
presence of pancreozymin. Nor did atropine have any effect on the stimulation 
by pancreozymin of %*P incorporation into the phospholipids. The effects of 
the maximal concentration of acetylcholine (10-5) on enzyme secretion and 
on the incorporation of **P into the phospholipids were completely abolished 
by 10-*m atropine, which had no effect on the actions of pancreozymin 
(150 g/ml.) in the same experiment. The failure of atropine to block the 
stimulatory effects of pancreozymin in pancreas slices rules out the possibility 
that these stimulatory effects might be due to contamination of the pancreo- 
zymin preparation with acetylcholine. 


~ ‘Tasue 6. Comparison of the effects of atropine on the responses of pancreas slices 


to pancreozymin and acetylcholine 
Vessel additions Amylase ific activity 
Acetylcholine* Atropine fresh phospho (*P) 
Expt. (g/mil.) (M concn.) (mM concn.) wt. tissue) (counts/min/ pg P) 
3-4 62 
— 10-* 3-1 52 
100 6-1 326 
100 5-4 342 
100 6~10-* 6-4 
100 5-3 326 
2 — — 15-0 98 
150 21-4 588 
150 — 10-* 20-2 592 
10-* 21-2 437 
10-* 10-* 120 100 


* Eserine (3 x 10-*m) was added with the acetylcholine. 


Amylase synthesis in vitro in the presence of pancreozymin or acetylcholine 

Throughout the work reported here and in preceding related work, we have 
used the term secretion to mean strictly the active extrusion of material 
across the plasma membrane (see Abercrombie, Hickman & Johnson, 1951). 
The term has been used by some to mean the overall process of elaboration, 
separation and discharge of material from the cell. Possibly because of this 
general type of definition, there has been considerable confusion in the inter- 
pretation of studies on secretion. It has often been assumed that changes in 
the rate of extrusion of enzymes from the pancreas give rise directly to changes 
in the rate of synthesis of the digestive enzymes. This has, in some cases, been 
extended to the assumption that secretory stimulants per se, both hormonal 
(as, for instance, elicited by feeding), and cholinergic (e.g. the injection of 
pilocarpine) give rise to an immediate increase in the rate of synthesis of 
digestive enzymes in the pancreas. The possibility of studying the synthesis 
of enzymes by the pancreas in vitro, where the total enzyme content of the 
system can be followed, has enabled more definite conclusions to be reached 
regarding the relationship between secretory stimulants and enzyme synthesis. 
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Previous work im vitro, using pigeon pancreas slices, showed that there was 
little direct relationship between the rate of enzyme secretion and the rate of 
enzyme synthesis under a variety of conditions (Hokin, 19514; Hokin, 1956). 
Stimulation of the extrusion of enzymes by cholinergic drugs in vitro or by 
the injection of pilocarpine in vivo up to 2 hr before killing was never found 
to produce any increase in amylase synthesis during the incubation period. 
However, depletion of the mouse pancreas with cholinergic agents in vivo 
was followed after 24 hr by a period in which the rate of amylase synthesis 
(measured im vitro) was somewhat increased (Hokin, 1956). This was, however, 
a delayed effect suggesting that secretory stimulants per se have no stimulatory 
effect on amylase synthesis. 


TaBLEe 7. Amylase synthesis in vitro in pigeon pancreas slices in the presence 


of pancreozymin or acetylcholine 
Vessel additions ylase 
— (units/mg wt. tissue) 
Pan in Acetylcholine* A 
(ug/ml.) (M concn.) Expt. 1 Expt. 2 Expt. 3t 
4-9 6-7 17-2 
75 5-1 — 
150 = 43 7-2 16-0 
2-2 3-6 12-5 
75 10-* 71 
150 10-* 3-6 


* Eserine (3 x 10-*m) was added with the acetylcholine. 

0-2 ml. of an amino-acid mixture (4% acid hydrolysed L-tryptophan) 
were added to all vessels in Expt. 3; values given in this experiment are the average of results 
from duplicate vessels, the duplicates did not differ by more than 10%. 


When pancreozymin (75-150 ug/ml.) was used as a secretory stimulant in 
pigeon pancreas slices there was no significant effect on the amount of amylase 
synthesized in vitro, either in the absence or presence of added amino-acid 
substrate, 10-*m acetylcholine also had no effect on amylase synthesis in 
these experiments, but 10-°m and 10-*m acetylcholine produced some inhibi- 
tion of synthesis (Table 7). (The pigeons used in these experiments were not 
treated by the procedure followed in previous work on amylase synthesis in 
which carbamylcholine was injected before killing to deplete the pancreas of 
enzymes.) The inhibitory action of acetylcholine on amylase synthesis was 
partially reversed by pancreozymin. 


Effects of secretin in pigeon pancreas slices 

Secretin, which stimulates the secretion of water and bicarbonate ions by 
the pancreas, had no effect on amylase secretion or on the incorporation of **P 
into the phospholipids of pancreas slices (Table 8). There was some stimulation 
of O, uptake (about 10%) during the 50 min after secretin was added. At the 
29 PHYSIO, CXXXII 
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lower concentrations of secretin there may have been a commensurate stimula- 
tion of the incorporation of *P into the acid-soluble phosphate esters. Secretin 
has been reported to increase respiration in isolated pancreatic tissue of a 
variety of species (Gerard & Still, 1933; Kiyohara, 1934; Deutsch & Raper, 
1936; Davies et al. 1949), although Agren (1934) was unable to confirm this in 
rat pancreas. 

Although this work cannot be interpreted as showing conclusively that the 
pigeon pancreas can respond in vitro to secretin, it does serve the purpose for 
which it was designed. Since a highly potent preparation of secretin had no 
effect on the incorporation of **P into the phospholipids of the pancreas, the 
possibility that the effects noted with pancreozymin might be due to contamina- 
tion with secretin can be excluded, and with it the possibility that the phos- 
pholipid effect is linked with water and bicarbonate transport. 


Tae 8. Effects of secretin in pancreas slices. The slices were incubated for 30 min before 
adding the setretin, then incubated for a further 90 min 


Specific activities (**P) 
(counts/min/pg P) Amylase 
r A in medium 
Qo, after addingt Acid-soluble _Ether-soluble (units/mg fresh 

(cat units*/mi.) Tnitial Qo, phosphate esters phospholipi wt. tissue) 
101 87 4-0 
0-005 107 7140 91 3-5 
0-05 113 7180 78 41 
0-5 112 7430 76 3-5 
5 108 6720 67 4:3 
50 114 6660 74 3-9 


* As defined in the text. 
t Qo, values are for the 50 min following addition and are expressed as a percentage of the 
initial values before adding. 
DISCUSSION 


In an earlier paper (Hokin & Hokin, 1954) evidence was presented which was 
thought to argue against the view that the turnover of phosphate in phospho- 
lipids was directly connected with the secretion of enzymes by the pancreas. 
It was found that, although the administration of pilocarpine or carbamy]- 
choline to mice gave rise to an increased secretion of enzyme and an increased 
incorporation of *P into the phospholipids of the pancreas im vivo, the 
incorporation of **P into the phospholipids of the pancreas of both fed and 
fasted mice were found to be the same. The results were interpreted as showing 
that a pancreas which is secreting under physiological conditions (i.e. in 
response to feeding) does not have a higher rate of incorporation of #*P than 
has a non-secreting pancreas (i.e. that of the fasting animal). However, in the 
course of another study we subsequently obtained evidence which indicated 
that the mouse pancreas secretes digestive enzymes spontaneously, the 
amount of material secreted over a given period being much the same, 
irrespective of whether the animal has been allowed to feed continuously or 
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has been fasted for 24 hr (Hokin, 1956). The finding of an equal rate of 
incorporation of **P into the phospholipids of the pancreas of fasted and fed 
mice is therefore not valid as evidence against a relationship between the 
phospholipid effect and enzyme secretion. 

The disproportionate effects of cholinergic substances on amylase secretion 
and the incorporation of **P into the phospholipids was regarded as another 
line of evidence that the phospholipid effect might not be concerned with 
enzyme secretion; the concentration of cholinergic drug required to give a 
maximal secretion of amylase was in all cases less than the concentration 
required to give maximal stimulation of **P incorporation into the phospho- 
lipids. The earliest interpretation of our results, that the phospholipid effect 
was secondary to the secretion of enzymes (Hokin & Hokin, 1953), was 
accordingly modified to the view that the phospholipid effect may be a direct 
response to cholinergic drugs (Hokin & Hokin, 1954). Since this dispropor- 
tionality has now been shown to exist in response to pancreozymin, this 
conclusion requires further modification. The fact that enzyme secretion 
elicited by either of these two very different types of stimulus is accompanied 
by an increased turnover of phosphate in phospholipids, eoupled with the fact 
that secretin does not produce such an effect, indicates that enzyme secretion 
and the phospholipid effect are in fact directly related. The phospholipid effect 
appears to be a primary stage in the extrusion of material from the cell, rather 
than secondary to the passage of material through the plasma membrane, 
since the effect can be increased by concentrations of the stimulatory agents 


_ which no longer elicit further enzyme secretion. Presumably other factors 


place a limit on the maximum amount of enzyme which can be secreted. 
From the evidence discussed here we have formulated the working hypo- 
thesis that all active transport of proteins out of the cell involves the breakdown 
and resynthesis of the glycerophosphate bond in phospholipids. Evidence that 
amylase secretion in the rabbit parotid gland and mucin secretion in the sub- 
maxillary gland, in response to either acetylcholine or adrenaline, are accom- 
panied by the stimulation of **P incorporation into the phospholipids, has 
also been obtained in support of this hypothesis. We previously found that 
acetylcholine stimulated the incorporation of **P into the phospholipids of 
brain cortex slices (Hokin & Hokin, 1955a, b). At the time of publication it 
was thought that this might be connected with the transport of potassium 
ions. However, further work using ““K has indicated that this is unlikely. 
Applying the above hypothesis we are inclined to the view that the simplest 
explanation of the phospholipid effect in brain cortex is that the secretion of 


‘some protein hormone at present of unknown nature is stimulated by 


acetylcholine. 
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SUMMARY 

1. Pancreozymin stimulates the secretion (active extrusion) of amylase in 
pigeon pancreas slices; it has no effect on the rate of synthesis of amylase under 
these conditions. 

2. The incorporation of **P into the ether-soluble phospholipids of the 
tissue is stimulated by pancreozymin in essentially the same manner as was 
found previously with cholinergic drugs. The incorporation of glycerol-1-“C 
is not concomitantly increased, confirming that the phospholipid effect in 
each case involves turnover of phosphoryl units of the phospholipids and not 
synthesis de novo of the phospholipid molecule. 

3. Pancreozymin does not affect the rate of incorporation of **P into the 
acid-soluble phosphate esters, nor does it increase the rate of O, uptake by 
pigeon pancreas slices. 

4. The responsiveness of the pancreas in vitro to secretory agents, as 
measured by both enzyme secretion and the phospholipid effect, reaches a 
maximum which is the same for any particular gland regardless of whether 
the stimulation is effected by the use of pancreozymin, acetylcholine or a 
cambination of the two. 

5. Atropine, which abolishes all im vitro responses of the pancreas to 
cholinergic drugs, has no effect on the responses of pancreas slices to 

6. Secretin has no effect on the incorporation of **P into the phospholipids 
of pancreas slices. 

7. It is concluded that the activation of the splitting and resynthesis of 
the glycerol-phosphate bond in the phospholipids is a primary stage in the 
process of active extrusion of enzymes from the cell. 

We are deeply indebted to Dr Erik Jorpes of the Karolinska Institutet, Stockholm, and 
Dr S. W. Stroud of Boots Pure Drug Co., Ltd., Nottingham, for samples of secretin and pen- 


creozymin. The expenses of this investigation were defrayed in part by grants from the National 
Research Council of Canada and from the Blanche Hutchison Research Fund of McGill University. 
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A COMPARATIVE STUDY OF THE TOTAL CARBON DIOXIDE 
IN THE OCULAR FLUIDS, CEREBROSPINAL FLUID, AND 
PLASMA OF SOME MAMMALIAN SPECIES 


By H. DAVSON anp C, P. LUCK 
From the Medical. Research Council, Department of Physiology, 
University College London 
(Received 7 February 1956) 


The distribution of chloride between the aqueous humour and plasma shows 
characteristic variations according to the mammalian species examined 


(Davson, Matchett & Roberts, 1952). Thus in the guinea-pig the concentrations - 


in the two fluids are such that there is a deficiency of the ion in the aqueous 
humour, compared with the concentration in a plasma-dialysate, the value of 
the ratio: Concentration in aqueous humour/Concentration in plasma (R,.,) 
being 0-935, compared with the value of 1-02 for the ratio: concentration in 
dialysate/concentration in plasma (Rp,,,). In the horse, by contrast, the 
value of R,, is 1-14, indicating a large excess of chloride in the aqueous 
humour. In general, the variations in the distribution-ratio for the cerebro- 
spinal fluid (Rog) are by no means so great, and in all the species examined 
there is an excess of chloride in this fluid (Davson, 1955): in consequence, the 
ocular and cerebrospinal fluids of the guinea-pig, for example, show a difference 
in chloride concentration of 21°; in the horse, on the other hand, the ratios 
are very close, the difference being less than 4%. The problem naturally arises 
as to whether the excesses of chloride are compensated by deficiencies of 
bicarbonate, and vice versa. 

In the present study the bicarbonate distributions have been determined 
in a number of species. Characteristic variations have, indeed, been observed, 
and an attempt has been made to relate these variations with the buffering 
requirements of the intraocular contents; since the buffering capacity of the 
aqueous humour depends not only on its bicarbonate concentration, but also 
on its rate of renewal, the latter factor, measured by the rate of turnover of 
**Na, has been examined in a number of species. Wherever possible simu!- 
taneous studies have been carried out on the cerebrospinal fluid, as it is con- 
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sidered that points of distinction and similarity between these fluids are of 
importance in reaching a knowledge of their modes of formation, and of 
modifications they may have undergone to suit the tissues they bathe. 


METHODS 


Steady-state distributions : removal of the fluids. The animals used in this study varied so much in 
size that the same methods of sampling were not applicable to all species; the variations are 
described below. Usually the fluids were removed immediately after the induction of sodium 
pentobarbitone anaesthesia; when total CO, was to be determined the fluids were drawn into 
oiled syringes and kept under paraffin. The cerebrospinal fluid was in all cases removed from the 
cisterna magna, Adult animals were used throughout. 

Albino rats. Arterial blood was obtained under paraffin oil from the tip of the tail in the 
unanaesthetized, heparinized animal; the samples were analysed separately. The animals were 
anaesthetized and the aqueous humour from six animals was withdrawn into the same syringe, 
and the pooled samples analysed. Pooled samples of cerebrospinal fluid were used, care being 
taken to obtain equal amounts from each animal. 

Guinea-pigs. Blood was obtained by heart puncture; it was, however, not always possible to be 
certain that the left side of the heart had been entered. Aqueous humour and cerebrospinal fluid 
were taken as described in the rat. 

Rabbits. Blood was taken from the main ear artery or, especially where repeated samples were 
needed, from the lateral ear vein. Analysis showed that the arterio-venous difference for total CO, 
was less than 1 m-mole/l. in the well-warmed ear. 

Cats. Blood was obtained by heart puncture. 

Dogs. Blood was obtained by femoral artery puncture. 

Monkeys. Cercopithecus aethiops and Erythrocebus pata were used. Blood was obtained by heart 
puncture. The surprisingly high arterial total CO, in even very lightly anaesthetized animals was 
found to be 2-3 m-moles/l. lower than the total CO, of samples of venous blood from the well- 
warmed limb of an unanaesthetized animal. 

Man. Aqueous humour was removed from the normal eye immediately before its enucleation 
on account of invasion of the orbit by an epithelioma. Blood was obtained from a vein in the 
warmed foot. 

Goats. Blood was taken by heart puncture. 

Horses. Blood was taken from a carotid loop or from the maxillary artery 

The vitreous body was aspirated with a wide bore hypodermic needle: soli Giga guieentin'ein 
the eye the fluid entered the syringe easily. This method was used on the rabbit, dog and monkey. 
Vitreous body was also obtained from the enucleated and frozen eye (Davson & Duke Elder, 1948). 
This method allowed selected portions of the vitreous body to be dissected under paraffin and 
analysed separately. No significant difference was found whether the vitreous body was frozen 
in solid CO, or in liquid N,; CO, was therefore used as it was more convenient to handle, 

Determination of total CO,. The fluids were analysed by the microdiffusion method described by 
Conway (1950) on 0-1 ml. samples. 

Determination of pH. This was carried out with a Cambridge micro-glass electrode. 

Determination of the rate-constant for turnover of *Na. The isotope was injected intraperitoneally 
into the unanaesthetized animal. At frequent intervals blood samples were withdrawn and 
finally, after 30 min, the animal was anaesthetized and the aqueous humour and the cerebrospinal 
fluid were withdrawn. Counts for radioactivity were determined with a 20th-Century Electronics 
liquid G.M. 6 counter, the usual corrections being made where necessary. The constant ko, was 
computed by @ graphic integration. 
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RESULTS 


For the rabbit, the distribution of total CO, between plasma and aqueo 
humour (R,,), plasma and cerebrospinal fluid (Rog), and plasma and 
vitreous body (Ry,,) was as follows, where R is the ratio: concentration in 
fluid/concentration in plasma-water: 


Raq Rou 
1-28 0-97 0-94 


The pH of the fluids were 7-48, 7-21 and 7-27 respectively. By application of 
the Henderson-Hasselbach equation, using values of 6-10 and 6-13 for the 
pK. of plasma and the other fluids respectively (Shohl & Karelitz, 1926) one 
may compute the following values for the distributions of the bicarbonate ion 
between the fluids: 


Rag Ryn Roa 
1-27 0-93 0-92 


It is clear from these figures that no serious error will be introduced if, for 
convenience, the ratio of the total CO, concentrations is taken as equivalent 
to the ratio of the bicarbonate concentrations; in what follows this approxima- 
tion will be made. 

The values for the distribution ratios of a number of species are shown in 
Table 1; it is evident that there is a tendency for R,, to decrease with 
increasing size of the eye, i.e. for large eyes to exhibit a low concentration of 
bicarbonate by comparison with plasma, and vice versa. In Fig. 1 the values 
of R,, for both the chloride and bicarbonate ions have been plotted against 
the natural logarithms of the weight of the globe-contents; and it will be seen 
that, to some extent at any rate, there is a reciprocal relationship between the 
two distributions. Thus, the horizontal line represents approximately the 
Gibbs-Donnan distribution for univalent negative ions as determined from the 
distribution between plasma and its dialysate (Davson, 1955), so that points 
above the line indicate an excess of the ion in the aqueous humour over that 
in a dialysate, whilst points below indicate a deficiency. In the small-eyed 
guinea-pig the deficiency of chloride is associated with an excess of bicarbonate, 
whilst in the large-eyed horse the excess of chloride is associated with a 
deficiency of bicarbonate. If it is appreciated, however, that the concentration 
of bicarbonate in the plasma is only some quarter to a fifth that of the chloride 
ion, it becomes clear that this reciprocal relationship is not simply an expression 
of a tendency for the sum of the two concentrations to remain constant. For 
example, the actual excess of chloride in the horse’s aqueous humour amounts 
to some 14 m-mole/l., whilst the deficiency of bicarbonate amounts to only 
6-5 m-mole. Moreover, in the cat and dog there are actually excesses of both 
anions in the aqueous humour. 
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A possible reason for the variations in the bicarbonate ratio may well be the 
different buffering requirements of the intraocular contents, a small eye 
requiring the secretion of a relatively concentrated bicarbonate solution to 
neutralize the stronger acids—lactic and pyruvic—formed by the lens and 
retina. If significant amounts of the bicarbonate in the freshly secreted 
aqueous humour were being destroyed by the stronger acids from the lens 
and retina, we should expect the concentration of bicarbonate in the vitreous 
body to be less than that in the aqueous humour withdrawn from the anterior 
chamber. As we have seen in the rabbit, the mean value of Ry, is some 
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Fig. 1. Relationship of R,, for chloride and bicarbonate to weight (g) of intraocular contents. 
R,, for chloride in man is taken from Hodgson (1938) in other species from Davson et al. (1952). 
Weight of intraocular contents in man is computed by dividing total globe weight (v. Moellen- 
dorff, 1936) by the factor 1-13 which relates total eye weight to weight of intraocular contents 
in the cat and the dog. Open circles = HCO; ratios. Closed circles =Cl- ratios. 


25% lower than the mean value of R,,. By sectioning the frozen eye at right 
angles to the antero-posterior axis, about 1 mm from the posterior pole of the 
lens, and analysing the two segments of vitreous body, the results shown in 
Table 2 were obtained, indicating that the anterior vitreous body has a 
concentration approximately equal to that of the aqueous humour, whilst the 
concentration in the posterior portion closer to the retina is considerably less. 

Rate of flow of aqueous humour. Since the amount of bicarbonate available 
to the intraocular contents is determined by the rate of flow of the aqueous 
humour, as well as by the bicarbonate concentration in the primary secretion 
by the ciliary body, it becomes of interest to find out whether there are any 
significant variations in the rate of flow amongst the different species. In the 
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rabbit, it has been shown by Kinsey & Bardny (1949) that the rate of renewal 
of sodium in the aqueous humour measures, approximately, the rate of renewal 
of the aqueous humour as a whole. Thus the penetration of the isotope *Na 
from plasma into aqueous humour follows approximately an equation of the 


form | 


where O,, and Cp, are the activities of the aqueous humour and plasma 
respectively at any time, ¢. By measuring the changes in activity of the 
aqueous humour and plasma after an injection of “Na, kp,, may be computed; 


TaBLe 2. Comparison of total CO, of the aqueous humour and of anterior and posterior portions 
of the vitreous humour in the rabbit. Results expressed as m-moles/kgH,O 


Vitreous body 
Aqueous cr A —, 
humour Anterior Posterior 
33-7 32-4 26-6 
30-0 31-1 27-0 
30-8 30-4 25-1 
32-2 32-5 25-0 
34-1 34-7 27:3 


TaB_Le 3. Value of the turnover-constant, kp,, (min~*), for **Na in different species 


No. of ae 
Species experiments Aqueous humour fl References 
Goat 1 0-0140 — Present work 
Dog 6 0-0135+0-0005 0-0056510-0006 Present work 
3 0-0098+0-0003 0-0057+40-0017 Present work 
Cat 6 0-014 + 0-0005 Davson, Duke-Elder, 
Maurice, Ross & 
Woodin (1949) 
Rabbit 75 0-0090 0-0041 Davson (1955) 
Guinea-pig 5 0-0135 + 0-001 0-0170 + 0-0025 Present work 
Rat 5 0-024 + 0-005 0-019 + 0-004 Present work 


Results apply to experiments on unanaesthetized animals in all cases except the cat. 


if the penetration and removal of Na, into and from the aqueous humour, 
are determined entirely by secretory flow, then ko, may be equated with the 
flow-constant, i.e. the fraction of the aqueous humour replaced in unit time. 
The results of measurements of this type are shown in Table 3; it will be seen 
that the values of ko, for all species, except the rat, are included in the range 
0-009-0-014 min-!; the rat occupies an exceptional position with a value of 
kout equal to 0-024. 
DISCUSSION 


The main fact reported here, on which this discussion may be centred, is that 
there is a rough correlation between the size of the eye and the distribution of 
bicarbonate between its aqueous humour and the blood plasma. The correlation 
is by no means perfect, however, and any interpretation must account for the 
deviations from the general trend shown by the rat, monkey and man. It has 
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been suggested earlier in this paper that the concentration of bicarbonate in 
the aqueous humour is an expression of the buffering needs of the ocular 
contents. The lens produces lactic acid, whilst the retina produces large 
quantities of pyruvic acid; in consequence the concentrations of these acids 
in the vitreous body are considerably greater than in the plasma (de Vincentiis, 
1951; Auricchio & de Vincentiis, 1951). It may now be asked why a small eye 
should require relatively more bicarbonate than a large eye. In the first place, 
as Fig. 2 shows, small eyes are generally associated with lenses that are large 


Goat 125g Man62g Dog 


Horse 53g 


@ © 


Cat 53g Monkey 35g Rabbit 22g Guinea-pig Rat 0-095 
0:54 g 


Fig. 2. Meridional sections of mammalian eyes, with weights of intraocular contents; the figure 
for the human eye is obtained by dividing total globe weight (v. Mollendorff, 1936) by the 
factor 1-13 which relates total eye weight to weight of intraocular content in the two species 
nearest in size. The human eye is drawn from Rochon-Duvigneaud (1943), the others from 
Davson (1953). 


by comparison with the total ocular contents, so that—other things being 
equal—a small eye would require a higher concentration of bicarbonate in its 
aqueous humour, to neutralize the stronger acids formed by the lens, than 
would a large eye. This consideration provides an immediate explanation for 
the anomalous position occupied by the eyes of monkey and man, in so far as 
the bicarbonate distributions in these species are closer to those of the large- 
eyed animals than to those of species having about the same eye-weight. It 
will be seen from Fig. 2 that the comparative size of the lens in monkey and 
man is remarkably small: so that, judged by the ratio of lens to globe-volume, 
these species belong to the large-eyed group of animals. A sufficient number 
of eyes has not been available from which to determine with any certainty 
the mean relative sizes of the lenses in the different species, but the appgoxi- 
mate percentages of the volume of the globe contents occupied by the lens are 
as follows: man, 3-5; monkey, 4-5; horse, 8; goat, 9; — 10; cat, 15-5; rabbit, 
16; guinea-pig, 20; and rat, 39. 
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That the lens is not the only factor, however, will be clear when it is 
appreciated that the aqueous humour, withdrawn from the eye, is mainly 
derived from the anterior chamber, i.e. after the fluid has passed over the lens 
and presumably when the greater part of the neutralization of the strong acids 
formed by this body has taken place. If neutralization of the acids formed by 
the lens were the only factor of importance, we might expect that the aqueous 
humours would be secreted at varying concentrations in the different species, 
but that when the fluids were withdrawn from the anterior chambers the 
concentrations would be more or less the same. Actually, as we have seen, 
the concentration in the aqueous humour of one species may be some 30% 
higher than that in another. When we consider the retina, however, at some 
distance from the aqueous humour, the necessity for a high gradient of con- 
centration across the intervening vitreous body becomes evident; the higher 
the concentration of bicarbonate in the freshly secreted aqueous humour, the 
steeper will be the gradient and the more efficient the diffusion to the site of 
production of the strong acids. Granted, therefore, the requirement of a 
gradient of concentration of bicarbonate from aqueous humour to retina, we 
must consider why a small eye requires a steeper gradient than a large eye. 
Here two factors may be operative. Small eyes are usually associated with 
small animals; the intensity of metabolic activity, expressed as rate of 
metabolism per unit weight of tissue, increases with the decreasing size of 
animal (an expression of the so-called ‘surface-area law’). In the second place, 
since the ratio area/volume of a sphere increases as the radius decreases, the 
actual area of retina per unit volume of eye will increase with decreasing size 
of the eye. These two factors, together with the activity of the lens considered 
above, combine to give the general correlation between eye size and bicarbonate 
distribution. Support for the view that appreciable quantities of bicarbonate 
are destroyed within the eye is provided by the analyses of the vitreous body 
described earlier; and by the observation that poisoning of the retina with 
iodate likewise raises the concentration of bicarbonate in the vitreous body 
(Auricchio & Ambrosio, 1953). 

Whilst the consideration of the lens/globe-volume ratio has permitted a 
plausible explanation for the anomalous positions occupied by man and the 
monkey, such a consideration cannot dispose of the remaining anomaly, 
namely the position of the rat: which has a bicarbonate distribution approxi- 
mating to that of the dog, although its eye is the smallest of those considered 
here, and its lens/globe-volume ratio the highest. It will be recalled, however, 
that the rate of renewal of %Na in the rat is some two times greater than 
the average for all the other species examined; and it may well be that the 
buffering requirements of the rat’s eye are met by a much more rapid turn- 
over of the aqueous humour, instead of by an increased concentration of 
bicarbonate. 
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The cerebrospinal fluid differs markedly from the aqueous humour in 
showing much smaller variations in both the chloride (Davson, 1955) and 
bicarbonate distribution ratios; in general, the cerebrospinal fluid of all species 
approximates to the aqueous humour of the large-eyed animals, so far as these 
two distributions are concerned, exhibiting an excess of chloride and a 
deficiency of bicarbonate by comparison with plasma-dialysates. It is profit- 
able, therefore, to regard the cerebrospinal fluid as the more generalized cavity- 
filling secretion; on this view, the aqueous humour may be considered to have 
undergone modifications in the various mammalian species—modifications 
that ensure an adequate buffering of the intraocular contents resulting in the 
maintenance of a pH in the vitreous body that is remarkably close to that of 
the cerebrospinal fluid. Since the vitreous body, like the latter fluid, is in close 
association with nervous tissue this becomes understandable. As to why the 
concentration of chloride in the aqueous humour should also be variable is 
a problem that awaits further investigation before a clear-cut explanation is 
possible. 

It may well be, as suggested earlier (Davson, 1954), that the difference of 
osmotic pressure between plasma and aqueous humour is a variable factor 
amongst the mammalian species, and that this difference determines the rate 
of flow of aqueous humour consistent with a given intraocular pressure. If the 
differences of osmotic pressure are brought about by the secretion of variable 
amounts of chloride (accompanied, of course, by some cation) the variations 
in the chloride distributions are to be regarded as the sign of variations in 
osmotic pressure of the secreted fluids. In this event we should expect the 
cerebrospinal fluid to be hypertonic to the plasma and also, in those species 
showing a deficiency of chloride in the aqueous humour, hypertonic to the 
latter fluid. In the rabbit this is certainly true (Davson & Purvis, 1954). 

Finally, two points relating the present findings to earlier work may be 
mentioned. Wang (1948) reported a value of 0-025 min- for ko, for *Na in 
the dog; this is about twice the value found during the present work, and the 
discrepancy may be due to the circumstance that Wang worked on the anaes- 
thetized animal. Another possibility is that he failed to separate the erythro- 
cytes from the blood samples immediately; the dog’s erythrocyte contains 
mainly sodium, and not potassium, so that unless the blood is centrifuged 
immediately after withdrawal the “Na in the plasma will continue to exchange 
with the inactive “Na in the cells; this will make the plasma activity lower 
than it actually was in the animal and lead to a fictitiously high value of kout- 
Secondly, it has been argued, from the observation that the concentration of 
bicarbonate in the aqueous humour of the rabbit is higher than in plasma, 
that the primary and fundamental step in the secretion of the aqueous humour 
is the active transport of this ion across the ciliary epithelium (Friedenwald, 
1949). The observation of Becker (1954) that the carbonic-anhydrase inhibitor 
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Diamox lowers the intraocular pressure has, moreover, been taken as a confirma- 
tion of this theory. The present work, however, shows that a high concentration 
of bicarbonate is not by any means a general feature of the mammalian 
aqueous humour, so that it is unsafe to base a general theory as to the 
mechanism of formation of this fluid on a single feature of the chemical 
composition of the rabbit’s aqueous humour. Moreover, the action of Diamox 
seems to be most pronounced in the human eye whose aqueous humour 
actually has a deficiency of bicarbonate; its action in lowering the intraocular 
pressure cannot, therefore, be taken as a confirmation of the theory. 


SUMMARY 


1. The total CO, content of the plasma, aqueous humour, vitreous body and 
the cerebrospinal fluid has been determined in several mammalian species. 

2. The distribution ratio for total CO, between plasma and aqueous humour 
(R,,) shows marked species variation, the rat, guinea-pig, rabbit, cat and dog 
having an excess of total CO, in the aqueous humour, while the monkey, man, 
goat and horse have a deficiency. 

3. R,, appears to be related to the mass of the intraocular contents and the 
relative size of the lens, the latter being probably the more important factor. 

4. The distribution ratio for total CO, between plasma and cerebrospinal 
fluid (Ro,-) is below unity in all the species examined and shows no distinctive 
species variation. 

5. The total CO, content of the vitreous body is lower than that of the 
aqueous humour in the three species examined, viz. rabbit, dog and monkey. 
In the rabbit the concentration of bicarbonate in the anterior part of the 
vitreous body is markedly higher than in the posterior. 

6. The rate of turnover of the aqueous humour and cerebrospinal fluid, as 
estimated by the turnover-constant, ko, for Na, was determined in several 
species. The rat alone shows a distinctive species difference in turnover rate of 
the aqueous humour, with a higher rate than that of the other species. The 
guinea-pig and the rat have a significantly higher turnover rate of “Na in the 


_ cerebrospinal fluid than the other animals examined. 


7. The pH of the plasma, aqueous humour, vitreous body and cerebrospinal 
fluid were determined in the rabbit and were: 7°46, 7-48, 7-21 and 7-27 
respectively. 

8. The species variation of R,, for bicarbonate is considered to reflect the 
varying buffering needs of the intraocular contents. 
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ELECTROMYOGRAPHY OF MUSCLES OF POSTURE: LEG AND 


THIGH MUSCLES IN WOMEN, INCLUDING THE EFFECTS 
OF HIGH HEELS 


By J. JOSEPH anp A. NIGHTINGALE 
From the Departments of Anatomy and Physics, 
Guy's Hospital Medical School, London 


(Received 11 February 1956) 


In previous communications, Joseph & Nightingale (1952, 1954) stated that 
when standing with the feet about 30-45 cm apart, the hands clasped lightly 
behind the back and the weight evenly distributed on both lower limbs or 
with the weight mainly on one limb, the great majority of males showed 
continuous electrical activity in the calf muscles (soleus and possibly gastro- 
cnemius), but no detectable activity in the tibialis anterior muscle or in the 
muscles of the front and back of the thigh (quadriceps femoris and ham- 
strings). It was suggested in their first paper that, since Hellebrandt & Braun 
(1939) indicated that sex and age produced differences in the erect posture, 
it was advisable to make a separate study of women. The results of such an 
investigation are given in the present paper, together with an account of the 
effects produced by high heels on the postural activity of these muscles. 


MATERIAL AND METHODS 


The amplifier used was similar to that described previously (Joseph & Nightingale, 1952). The 
frequency range accommodated by the amplifier was 30-400 c/s, the gain being reduced to one- 
half at 4 and 700 o/s. The noise level referred to the input terminals was approximately 15ynV 
peak to peak, the minimum detectable amplitude being about 25,V peak to peak. Brass suction 
electrodes 12 mm in diameter were used and a large earthed pad was strapped to the ankle of 
the limb being studied. The site of attachment of each electrode was prepared by rubbing with 
Cambridge Jelly. 

Twenty-one women aged 18-28 acted as subjects. Their age, occupation, height, weight, size 
of shoe and any history related to the lower limb (injuries, mode of walking and running, ability 
at sports, etc.) were noted. When investigating the leg muscles, the electrodes were attached over 


™ the tibialis anterior muscle between the tibial tuberosity and lateral malleolus, about one-third 


of the distance down, and over the soleus muscle at the same level 1-2 cm behind the postero- 
medial border of the tibia. For the thigh muscles the electrodes were attached over the vastus 
lateralis and vastus medialis muscles about 3 cm above their lower muscular borders, defined by 
active contraction, and over the lateral and medial hamstrings about 3 cm above the beginnings 
of their tendons of insertion. 
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A standard posture, described in a previous paper (Joseph, Nightingale & Williams, 1955) 


was used, This posture, referred to as the standing at ease position, in which the subject stands — 


comfortably with the head erect, the feet about 40 cm apart and the hands clasped lightly behind 
the back, was studied with the subjects wearing low and high heels. The subjects wore their own 
shoes with the highest heels. The result was that the height of the heels was not standardized, 
but this was preferable to the subjects wearing shoes to which they were not accustomed. 

Further investigations in many of the subjects were carried out while they were wearing low 
heels. First, in sixteen subjects, standing at ease and with the electrodes over the hamstring 
muscles, the effect of raising the arms forwards at the shoulders was noted. Secondly, fifteen 
subjects with one pair of electrodes on the hamstrings and one pair on the quadriceps femoris, 
were asked to sway forwards at the ankles for about 5° and then backwards for about 5° beyond 
the standing at ease position. Similarly, the effects of swaying on the leg muscles were investi- 
gated with the electrodes on the soleus and tibialis anterior muscles. Lastly, twelve subjects 
were asked to stand at ease for 2-4 min with one pair of electrodes over the hamstrings and one 
pair over the quadriceps femoris to determine whether the normal postural sway in this position, 
as described by Hellebrandt (1938), would result in the appearance of detectable potentials in 
the front or back muscles of the thigh. 


A calibration signal of 120u.V peak to peak at 300 c/s and the noise level of the amplifier with 
input grids earthed were recorded. Recordings from a relaxed muscle and from the muscles on 
the front and back of the leg and thigh were made with the subject wearing low and high heels. 


RESULTS 


Low heels. There was detectable electrical activity in the tibialis anterior 
in only one out of twenty-one subjects studied. All twenty-one subjects 
showed detectable activity in the soleus muscle. In the case of the thigh 
muscles, only three showed detectable activity in the quadriceps femoris and 
three in the hamstrings. These results are similar to those found in the study 
of men. Raising the arms forwards at the shoulders with the electrodes on 
the hamstrings resulted in the appearance of potentials from these muscles 
when the arms were raised to about 15° in all sixteen subjects studied. 

With the electrodes on the thigh muscles, in fourteen out of fifteen subjects 
who showed no potentials from these muscles while standing at ease, poten- 
tials from the hamstrings were recorded after swaying forwards at the ankles 
about 5°. During swaying backwards, there was an interval in which no 
potentials from the hamstrings and quadriceps femoris were detected, but 
after swaying backwards about 5° beyond the standing at ease position there 
was a sudden appearance of large potentials from the quadriceps. With the 
electrodes on the leg muscles, swaying forwards was accompanied by increased 
activity in the soleus. While swaying backwards, the activity in the soleus 
decreased. At the end of swaying backwards, large potentials from the tibialis 
anterior appeared on the screen. No potentials from the thigh muscles were 
detected in eleven out of twelve subjects who were asked to stand con- 
tinuously at ease for 2-4 min. 

High heels. To assess the effect of wearing high heels, the recording from 
each muscle in the standing at ease position while wearing high heels was 
compared with the corresponding recording obtained while wearing low heels. 
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Seventeen out of twenty-one subjects showed increased activity in the soleus 
muscle while wearing high heels (Fig. 1), and four showed no change. In all 
twenty-one subjects there was no change in the activity detected from the 
3 tibialis anterior, i.e. no potentials were recorded in twenty of the twenty-one 
| subjects. The quadriceps femoris showed increased activity in three subjects 
and the hamstrings increased activity in two subjects. There was no obvious 
relationship between the results obtained and the ages, weights and heights 
of the twenty-one subjects, the heights of the heels and the areas ™ those 
parts of the heels in contact with the ground. 


A 


Fig. 1. A, recording from soleus, standing at ease, low heels; B, recording from soleus, 
standing at ease, high heels. 


DISCUSSION 


- In this investigation, of the four muscles studied in relation to standing at 
ease, soleus is the only muscle from which potentials can invariably be detected, 
The absence of detectable electrical activity in the tibialis anterior, quadri- 
| r ceps femoris and hamstrings was confirmed in ten of the twenty-one subjects 
| by using an amplifier in which the noise level was reduced to 24V and the 
| minimum detectable potentials were of the order of 3.V peak to peak (Joseph 
et al. 1955). No difference between the sexes with regard to muscle activity 
in this posture has been found, in spite of the postural differences observed 
by Hellebrandt & Braun (1939). Joseph & Nightingale (1952, 1954) have 
already given a possible explanation of these observations, and it may be 
briefly referred to here. The line of weight falls in front of the ankle and knee 
joints, and most people, when standing with the weight on both limbe, main- 
tain this relation of the line of weight to these joints. Falling forwards at the 
ankles is prevented by the soleus (and possibly the gastrocnemius), and it is 
considered that further extension at the knees is prevented by the appro- 
| priate ligaments. Altering the line of weight in relation to the knee, by means 


of raising the arms or swaying, produces changes in the activity of the leg 
30-2 
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and thigh muscles. If the line of weight is moved forwards by swaying for- 
wards or raising the arms, the activity of the soleus increases and activity in 
the hamstrings is seen. The latter effect may be due to shifting the line of 
weight forwards with respect to the hip joints. By swaying backwards the line 


of weight is shifted behind the ankle and knee joints, and the tibialis anterior . 


and quadriceps femoris muscles contract and maintain the upright position. 

It was thought that the increased activity in the soleus muscle observed 
in seventeen of the subjects who were wearing high heels might be due to the 
line of weight being shifted forwards. This was investigated in eleven sub- 
jects, and it was found that the line of weight in a woman wearing high heels 
bears no constant relationship to her line of weight when low heels are worn. 
A possible explanation is that in high heels the foot is plantar flexed so that 
the tendo calcaneus (Achillis) is slackened, and the increased activity detected 
in the soleus muscle is due to the necessity to take up this ‘slack’ and at the 
same time to prevent the body falling forwards at the ankle. 

Occasional bursts of high amplitude potentials were observed from the 
muscles of some subjects while wearing high heels. This appeared to be due 
to some instability in their posture. Basmajian & Bentzon (1954) also found 
that the wearing of high heels by women was accompanied by an increase in 
activity in some of the leg muscles and instability. 


SUMMARY 


1. In a group of twenty-one women, it was found that when standing at 
ease all the subjects showed continuous activity in the soleus muscle. The 
great majority showed no activity in the tibialis anterior, vastus lateralis, 
vastus medialis and hamstring muscles. Consideration of the line of weight in 
relation to the ankle and knee joints in these postures can explain these findings. 

2. The wearing of high heels was associated with increased activity in the 
soleus muscle in seventeen out of twenty-one subjects when standing at ease. 
In the same position, eighteen subjects showed no change in the electrical 
activity of the thigh muscles, | 
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THE BLOOD VOLUME OF THE NORMAL GUINEA-PIG 


By R. J. ANCILL + 
From the Department of Anatomy, University of Bristol 
(Received 17 June 1955) 


During the course of a departmental programme of quantitative studies on 
haemopoiesis it became necessary to obtain values for the blood volume of 
normal male guinea-pigs of the Mill Hill strain at varying stages of maturity. 
Although the blood volume of other small laboratory animals has been 
extensively studied, few data are available for the guinea-pig. 

The earliest studies appear to have been those of Gscheidlen (1869), Ranke 
(1871) and Steinberg (1873), who obtained approximate values ranging from 
7s to gs of the body weight. Dreyer & Ray (1910), using a modification of 
Welcker’s method, obtained a mean value of 4:3%% of body weight, and 
Erlanger (1921) gave a range of 3-5-5-5%. These results are low when com- 
pared with those obtained by modern methods for other small laboratory 
mammals. Berlin, Huff, Van Dyke & Hennessy (1949), using the combined 
dye-marked cell method, obtained 7-60—7-98 ml./100 g for different breeds of 
rabbits. Comparable data for the guinea-pig have been obtained by modern 
techniques. Went & Drinker (1929) determined the blood volume of eighteen 
guinea-pigs by a micro-method using Vital Red and obtained a mean value 
of 6-40+0-98 ml./100 g. Flexner, Gellhorn & Merrell (1942), using T1824, 
obtained a mean of 8-3 ml./100 g on four guinea-pigs, and Masouredis & 
Melcher (1951) obtained a mean of 7-53 + 0-71 ml./100 g on a series of thirteen 
animals using the isotopic iodinated—globulin method. Rogers (Yoffey, 1954) 
obtained a value of 27 ml. for a 400g guinea-pig (mean for six animals), 
i.e. 6°75 ml./100 g, using the T1824 method. In view of the small number of 
animals so far studied it was thought worth while to report the present series, 
since it has been selected to demonstrate the dependence of blood volume on 
body weight. Further, the method used includes certain modifications of the 
customary technique, which will be discussed below. 


METHODS 
Animals, Eighteen healthy male guinea-pigs of the Mill Hill strain were used, ranging in weight 
from 250 to 750 g. 
Reagents. (i) T1824 dye. According to Gregersen (1951) some samples of this dye may contain 


up to 25% of a red or purple contaminant. The dye used in this investigation was B.D.H.— 
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supravital grade. It was purified, first by salting out four times from aqueous solution with sodium 
acetate (A.R.), then by reprecipitation with 95% ethanol. After filtering on a Biichner funnel it 
was then dried in a vacuum desiccator. Paper chromatography of the reprecipitated compound 
showed that it contained no component other than T 1824. 

(ii) Injection solution, 1-00 g T 1824/100 ml. A solution of purified T1824 was prepared con- 
taining 1-00 g in 100 ml. 0-9 % (w/v) sodium chloride (A.R.) in distilled water. This was sterilized 
by autoclaving in steam at 15 Lb./sq.in. for 20 min, and dispensed in rubber-capped ampoules. 
(iii) Standard solution, 250 mg T1824/l. A solution of 250 mg purified T1824 was made up 
in 1 1. 09% (w/v) sodium chloride (A.R.), 

Calibration. In this method the T 1824 is determined spectrophotometrically in whole haemo- 
lysed blood. In the appropriate range of concentrations, the plot of mg T 1824/L. against optical 
density is linear and passes through the origin at zero concentration. In order to determine the 
calibration curve, solutions of T 1824 of concentration range from 2-5 to 25-0 ug/ml. in diluted 
haemolysed whole blood were prepared by placing 1-0 ml. heparinized guinea-pig blood in each 
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Fig. 1, Calibration curve of the optical density of T 1824 plotted against its concentration. 


of ten graduated centrifuge tubes, adding 5 ml. distilled water, then quantities of standard T 1824 
solution ranging from 0-1 to 1-0 ml. by means of a micrometer pipette, making up to the 10 ml. 
mark with distilled water and mixing. After completion of haemolysis the solutions were fully 
oxygenated with a stream of O, gas from a cylinder. The optical density of each was then deter- 
mined at 620 my in a Hilger ‘Uvispek’ spectrophotometer against a blank of haemolysed blood 
prepared in the same way. The resulting calibration curve, the mean of ten determinations on 
blood from different animals, is shown in Fig. 1. 

Determination of blood volume. After induction of light ether anaesthesia, 0-50 ml. blood was 
withdrawn by cardiac puncture into a heparinized 10 ml. graduated centrifuge tube and diluted 
to the 5 ml. mark with distilled water. 0-50 ml. of 1-00 g/100 ml. T 1824 solution was injected into 
the heart, using a micrometer syringe. Exactly 5 min later, using a different needle, 0-50 ml. 
blood was withdrawn by the same route and placed in a graduated heparinized tube. Distilled 
water was added to the 5 ml. mark, and after mixing and oxygenating as before the optical density 
was determined in the ‘Uvispek’ spectrophotometer at 620 my, using the previously withdrawn 
blood as a blank. The blood volume was calculated after converting optical density to concentra- 
tion by means of the calibration chart. 


RESULTS 


The results of the determination of blood volume on eighteen normal male 


guinea-pigs are shown in Fig. 2. For comparison the results obtained by Went 
& Drinker (1929) and Masouredis & Melcher (1951), after conversion to 
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Fig. 2. Blood volume of normal male guinea-pig (Mill Hill strain: T 1824 whole bleod method) +. 
Regression line B.v. = 1-300 +0-0692 B.w. Mean B.v. (ml./100 g)=7-20; o=0-31; N=18. 


@, regression line. 
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Fig. 3. Blood volume of normal male guinea-pig (Mill Hill strain) combined results. Regression 
line B.v. =0-07642 B.w. — 2-57. Mean B.v. (ml./100 g)=7-06; 7=0-50; N=49. +, this paper; 
C, Masouredis & Melcher, 1951; O, Went & Drinker, 1929; @, Regression line. 


TasBie 1. Mean blood volume for guinea-pigs 


Blood 
volume No. of 
Authors (ml,/100 g) 
(a) Ane this 7-20 0-31 0-07 18 
(6) Maso 7-53 0-71 0-20 13 
(c) Went & De & Drinker (1929 6-40 0-49 0-12 18 
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absolute figures, have also been plotted, and the combined results are shown 
in Fig. 3. Regression lines have been fitted in each case. The mean blood 
volume per 100 g body weight, with standard deviation (c) and standard error 
of the mean (em), has been determined in each case, and with the grand mean 
is shown in Table 1. 
DISCUSSION 

The values in Table 1 have been obtained by three different methods, i.e. 
(a) T1824 dye method (haemolysed whole blood); (b) “I labelled globulin 
method; (c) Vital Red dye method. It is of interest to compare the significance 
of the differences which exist between the mean values. Table 2 shows the 
results of such a comparison, using “Student’s “¢” test’. 


Taste 2. Analysis of results of Table 1 


Comparison n* A, €A t P 
a 29 ~ 0-33 0-21 1-56 <0-50, >0-10 
ac 34 +0-80 0-14 5-76 <0-01 
29 +1-13 0-23 4-85 <0-01 


* In this table n*, t, P have their customary meaning: A,,=difference between means; 
¢, =standard error of difference between means. 


It will be seen that, at the conventional significance level (P =0-05), there 
is no significant difference between the results with the T1824 and those with 
the isotopic dilution method, though there is a highly significant difference 
between the results with these methods and those with the Vital Red dye 
method of Went & Drinker (1929). Since there is no difference between the 
distribution of T1824 and ™ I labelled serum albumin (Freinkel, Schreiner & 
Athens, 1953), any difference between these results, apart from experimental 
error, should be due to the fact that whilst T 1824 is bound to plasma albumin 
(Rawson, 1943), %*I is bound to plasma globulin. Since albumin is lost from 
the circulation into the lymph more rapidly than is globulin, as indicated by 
the high albumin/globulin ratio of lymph (Drinker & Yoffey, 1941), any 
difference due to this factor would be reflected in a relatively lower concentra- 
tion of marker substance when albumin is marked. In fact, the reverse is the 
case, though the difference between the two methods is not significant. This is 
in agreement with the results of Lewis & Goodman (1950) who found that 
the effect due to any difference between the rate of loss of T1824 from the 
blood stream and the rate of gain from lymphatic returnis negligible. Gregersen 
(1951) also concluded that within the limits of experimental error, the volume 
distribution of antigenic albumin and globulin is the same as that of T1824. 

In several cases dye concentration was estimated at 10, 20, 30 min after 
injection and plotted semi-logarithmically as a time-concentration curve. On 
extrapolation to zero time the theoretical dye dilution at the moment of 
injection was determined. It was found that the error due to mixing time 
was negligible if the sample were taken at 5 min after injection. This finding 
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is in agreement with those of Metcoff & Favour (1944), Lawson, Overbey, 
Moore & Shadle (1947) and Lewis & Goodman (1950). 

The figures of Masouredis & Melcher (1951) were not corrected for plasma 
entrained by the sedimented corpuscles. Since this factor does not enter into 
determinations based on haemolysed whole blood, it should be allowed for in 
comparing the present results with those of these authors. If the customary 
factor of 0-96 is assumed to apply to the values recorded by Gregersen, Gibson 
& Stead (1935), their mean result becomes 7-23 and is almost identical with 
the values reported in this paper. The discrepancy between the present results 
and those of Went & Drinker (1929) can probably be accounted for by errors in 
their estimations due to the use of direct visual comparisons in capillary tubes, 
and to the use of Vital Red instead of T1824. Vital Red is suitable only for 
spectrophotometric estimation (Gregersen, 1937; Gregersen & Gibson, 1937). 

The usual procedure in T1824 methods involves removal of the corpuscles 
by centrifuging before colorimetric estimation of the dye in plasma. Gregersen 
et al. (1935) pointed out that haemolysis of moderate degree adds little to the 
optical density of the sample at 620-630 my, the range of Amax. for T 1824 in 
plasma. In fact the molecular extinction coefficients ¢ at 620 my are respec- 
tively 54,000 approx. for T1824 (Brenner, 1952) and 300 for oxyhaemoglobin 
(Lemberg & Legge, 1949). Many workers quoted by Horecker (1943), and 
Falholt (1955), have shown that the Lambert-Beer Law is applicable to 
solutions of oxyhaemoglobin of high concentration, and that the spectral 
characteristics of oxygenated haemolysed whole blood are nearly the same as 
those of equimolar oxyhaemoglobin solutions. Nicholson (1952) and Nicholson, 
Nahas & Wood (1952) were the first to use T1824 in whole haemolysed blood 
for the determination of human blood volume, thus eliminating the variable 
error due to dye held in the plasma between the packed cells. It appears that 
this method may be successfully applied to small laboratory animals such as 
the guinea-pig. 

Reeve (1948), in a comprehensive review on blood volume, states that the 
most satisfactory estimate is obtained by summing plasma volume deter- 
mined by the dye method and corpuscular volume determined simultaneously 
by the isotopic marked cell method. But such methods are time-consuming 
and for many purposes unnecessary. It seems to be generally recognized 
(Gregersen, 1951; Robinson & McCance, 1952) that the T1824 method gives 
an accurate estimate of plasma volume, but that an error due to variations of 
the haematocrit in different parts of the body is introduced when these 
haematocrit values are used in estimating blood volume. Gregersen (1951) 
estimates this error to be of the order of 12°. In the haemolysed whole blood 
method this error is reduced, since the loss of dye by corpuscular entrainment 
is avoided. 


In order to compare plasma volume estimates made by conventional methods 
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with those made on haemolysed samples, the haematocrit was determined on 
the blood samples before haemolysis in ten cases, and the plasma volume 
calculated by difference, thus avoiding the necessity for a correction factor. 
The mean value obtained was 3-86 ml./100 g, o=0-28, which is very close to 
that of Masouredis & Melcher (1951) (3-94 ml./100 g, co=0-37, N=13.). 


7 SUMMARY 
1. The literature on the blood volume of the guinea-pig is reviewed. 
2. A method for the determination of the blood volume of the guinea-pig, 


based on the estimation of T1824 in whole haemolysed blood, is presented 
and discussed. 

3. The mean value obtained for blood volume is 7-20 ml./100 g bate weight 
as compared with 7-53 obtained by Masouredis & Melcher (1951) by the "I 
dilution method. When this latter figure is corrected for error due to incom- 
plete separation of plasma in the haematocrit it becomes identical with the 
former within the limits of experimental error. When the present results are 
combined with those of Masouredis & Melcher the figure obtained for mean 


blood volume is 7-14 ml./100 g (o=0-41, N =30) and for mean plasma volume 
3-91 ml./100 g =0-33, N =23). 


I wish to thank Prof. J. M. Yoffey for constant advice and encouragement during this investiga- 
tion, which was undertaken during the tenure of a grant from the British Empire Cancer Campaign 
Research Council; Messrs Reckitt and Colman Ltd., Hull, for a grant for laboratory expenses and 
Miss Pat Hill for invaluable technical assistance. 
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THE EFFECT OF PREGNANCY AND LACTATION ON THE 
COLLAGEN CONTENT OF THE MAMMARY GLAND 
OF THE RAT 


By MARGARET L. R. HARKNESS ann R. D. HARKNESS 
From the Department of Physiology, University College London 
(Received 21 July 1955) 


Several quantitative investigations have been made on collagen formation in 
adult tissues undergoing proliferative changes, viz. degenerating and regenerat- 
ing nerve (Abercrombie & Johnson, 1946, 1947); regenerating liver (Harkness, 
1952, Harkness & Harkness, 1954); thyroid under the influence of thiouracil 
(Harkness, Harkness & Santler, 1954); pregnant uterus (Harkness & Harkness, 
19546). The pregnant uterus differs from the rest of these tissues in the rapidity 
with which collagen is formed and disappears, and we wondered whether this 
difference was a general characteristic of those organs which naturally undergo 
large variations in structure in the adult. We therefore investigated collagen 
formation in the mammary gland of the rat during pregnancy and lactation. 
Little evidence of collagen formation was found, the mammary gland resem- 
bling the other glandular tissues which have been investigated, rather than the 
uterus. Total protein nitrogen, deoxyribonucleic acid (DNA) and total lipid 
were also estimated for comparison; the total lipid was estimated, because, 
from visual observation, we thought that a local absorption of fat occurred 
during the first half of pregnancy in the region where the mammary gland was 
developing. Some evidence was found of such absorption occurring later during 


lactation. A preliminary account of these observations has already been pub- 
lished (Harkness & Harkness, 1954c). 


METHODS 


Virgin albino rats of the local strain were used. Pregnancy was timed by the method previously 
described (Harkness & Harkness, 19545). The animals were killed by a blow on the head and break- 
ing the neck. Only the abdominal mammary glands were used in the investigation. Collagen was 
estimated in the gland of one side, protein nitrogen, deoxyribonucleic acid and total lipid in the 
other. The mammary gland in the non-pregnant animal is of small size, but lies in a well-defined 
pad of adipose tissue which outlines the shape of the fully developed gland. In all cases we 
removed the whole of this pad. The general procedure after the animal had been killed was as 
follows: the gland on one side was removed, cut into small pieces with scissors, and homogenized 
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in a high-speed blender of the Waring type for 2 or 3 min in 10 ml. of distilled water. It was then 
transferred with 40 ml. of ethanol-ether mixture (3:1 by volume) into a centrifuge tube and boiled 
gently on a water-bath at about 70° C for 5 min. The solid matter was spun down and the super- 
natant fluid poured off. The solid was again extracted twice with ethanol-ether and once with 
ether. The combined ethanol-ether and ether extracts were evaporated to dryness, dried in vacuo 
over P,O;, weighed and recorded as total lipid. The solid residue, insoluble in ethanol-ether, was 
then treated as described by Schneider (1945), commencing at the stage of extraction with cold 
trichloroacetic acid for estimation of deoxyribonucleic acid by the diphenylamine reaction. 

Non-collagenous protein N was estimated by the Kjeldahl method on the residual solid left after 
the extraction of nucleic acid with trichloracetic acid. We have called this fraction non-collagenous 
protein because we found that the collagen was removed almost quantitatively in the trichloracetic 
acid extracts. Digestion was done by the method of Chibnall, Rees & Williams (1943); the final 
estimation was made by distillation into boric acid using bromcresol green-methyl red indicator 
(Conway, 1947). 

Collagen was estimated on the gland of the other side. A modification of the normal method 
(Neuman & Logan, 1950) was necessary because of the large amount of fat present which makes 
it impossible to centrifuge an aqueous homogenate. To overcome this difficulty the glands after 
removal were placed in 50 ml. ethanol-ether (3:1 by vol.) for a day at room temperature. They 
were then placed on a perforated steel plate fitted into the end of a cylinder and compressed by a 
screw-driven piston. Most of the undissolved fat was thus squeezed out through the steel plate. 
The residual material was soaked for a day or two in several changes of ethanol-ether followed by 
ether, dried in air and autoclaved in water at 30 Lb./sq.in. for 6 hr. The material was then broken 
up thoroughly in a Potter-Elvehjem homogenizer and the volume made up to 10 ml. with water. 
10 ml. of 10% (w/v) aqueous trichloroacetic acid was added, and the solution filtered. The object 
of this filtration is to remove some protein, other than collagen, which is dissolved during auto- 
claving. The amount of hydroxyproline-containing material lost in this trichloroacetic acid pre- 
cipitate was found to be only 1-2 % of the total. An aliquot of the trichloroacetic acid solution was 
evaporated to dryness, taken up in 6 N-HCl for hydrolysis and analysed for collagen in the usual 
way. The milk content of the mammary gland was measured in a group of lactating rats by the 
method of Folley & Greenbaum (1947). 


RESULTS 


The results are given in Table 1 and Fig. 1. The involuted glands were 
examined 3 weeks after weaning. The involutionary changes are completed by 
this time (Maeder, 1922-3). It will be seen that the change in the collagen con- 
tent of the mammary gland is small compared with changes in the other con- 
stituents investigated. There was a slight rise during lactation and involution. 
The total for the involuted gland is significantly above the control value 
(P =0-01, t test), The greatest change was in non-collagenous protein nitrogen. 
During pregnancy, change in deoxyribonucleic acid approximately paralleled 
that in non-collagenous protein; during lactation there was some further 
increase in deoxyribonucleic acid, while non-collagenous protein increased 
markedly. The lipid content of the gland increased during pregnancy, but was 
lower in the rats killed during lactation and after involution than in the control 
animals. The differences were only on the border line of significance at the 5% 
level, but the analytical figures suggest that a real difference in the ammount of 
lipid in the fatty pad existed in the lactating group, since the total lipid in this 
case includes lipid in the milk which is not present in the control group. The 
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milk content of the glands was estimated in a further group of five animals 


killed 16—19 days after parturition (mean 18 days). The method of Folley & 
Greenbaum (1947) was used. The milk was assumed to have a lactose content 


Tas_e 1. Comparison of composition of mammary glands before, during and after 
pregnancy. Quantities of constituents are given as weight/gland 
Pregnant animals Lactating 


Normal - animals, Involuted, 
animals 7-10 days 11-22 days 12-24days 3 weeks 
No. of rate 12 ll 10 8 8 
Body weight at start of 18346 17848 19547 19343 
pregnancy (g) 
Body weight at death (g) 187419 20444 243418 236 + 12 227+6 
Mammary gland weight (g) 3754038  1-82+0-22 
Collagen (mg) 5256 417 5256437 510432 661429 60-7 +26 
Non-collagenous protein 56403 81407 %165415 520 42-7 66 +0°5 
N (mg) ; 
Deoxyribonucleic acid 46405 68407 115409 1424090 53 403 
(mg) 
Lipid (g) 1-39+0-08 1394006 1-7340-17 1144024 1-1340-16 
Mean time (day) of preg- — 85 +04 175418 163 413 — 
nancy or lactation 
The estimate of variation is the standard error of the mean. 
900 F- 
700 
DN 
land weight ~~ 
100 —Collagen > — 
— =Lipid- 
0 10 20 10 20 days 
Pregnancy Lactation Involuted 


Fig. 1. Composition and weight of mammary gland before, during and after pregnancy. 


of 3-3% (Cox & Mueller, 1937; Folley & Greenbaum, 1947). The milk content 
of the glands was 61+8 g/100 g. On the assumption that the milk contains 
15% of lipid (Cox & Mueller, 1937) it accounts for 0-34 g out of the total of 
1-14 g per lactating gland. This leaves 0-8 g as non-milk lipid per lactating 
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gland compared with 1-39 g per control gland. A further allowance should be 
made for lipid in the epithelial cells. The figures therefore clearly indicate a 
disappearance of fat from the fatty pad during lactation. 


DISCUSSION 


The changes we have observed in the collagen of the mammary gland are quite 
unlike those in the uterus in pregnancy (Harkness & Harkness, 19545), but 
rather resemble those found in other glandular tissues which have been studied, 
viz. regenerating liver (Harkness, 1952; Harkness & Harkness, 1954a), 
thyroid under the influence of thiouracil (Harkness e¢ al. 1954), though in the 
mammary gland the changes are relatively smaller than were found in liver 
and thyroid. In fact, it appears from our results that the mammary gland 
relies for its physical support when it grows in pregnancy and lactation mainly 
on the already existing subcutaneous connective tissues. This accords with the 
observations of Dabelow (1933), who concluded that the vascular supply of the 
gland in pregnancy and lactation was provided mainly by blood vessels which 
were already present in the fatty pad. The fact that the collagen content of the 
mammary gland is greater in the involuted than in the control group is 
probably due to normal growth of subcutaneous tissue. The total body weight 
is greater at involution than at the start of pregnancy. The quantity of 
collagen per unit of body weight is not significantly different in the control and 
involuted animals. 

We have made no histological observations for comparison with our results, 
and there is little of relevance in the literature. It is known from histological 
observations (e.g. Maeder, 1922-3) that the secretory tissue increases more in 
bulk than the stroma in pregnancy and lactation. Roberts (1921) mentions 
proliferation of elastin round the ducts and alveoli during the development of 
the mammary gland during pregnancy, but gives no information on collagen. 
Dempsey, Bunting & Wislocki (1947) concentrate mainly on the secretory 
tissue, though they record some thickening of the reticular tissue round the 
secretory epithelium and the ducts. If this represents new collagen formation, 
as it appears to do, the quantity formed is too small to be demonstrated in the 
present investigation. 

The changes in deoxyribonucleic acid which we found are slightly greater 
than those reported by Kirkham & Turner (1953). The same authors also 
measured changes in total protein N, which were rather greater than those we 
found during pregnancy though similar during lactation. 

Our results indicate that the growth of the mammary glands is associated 
with local disappearance of adipose tissue. It seems unlikely that this is just 
part of a general utilization of fat stores, because one would expect, but does 
not find, an indication of this in change in body weight. It is of interest that 
Pochin (1949) has recorded the opposite effect, namely the deposition of 
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adipose tissues in an artificial cavity in the subcutaneous tissue, and has pointed 
out that in many places in the body potential cavities in the tissues are filled in 
this way. The mechanism controlling the distribution of adipose tissue in such 
cases is obscure. 

SUMMARY 


1. The collagen, non-collagenous protein N, deoxyribonucleic acid and 
ethanol-ether extractable material (lipid) of the mammary gland of the rat 
have been estimated during pregnancy and lactation, and after involution. In 
estimating lipid during lactation allowance has been made for milk content. 

2. There was almost no change in the collagen content of the gland, apart 
from a slight rise at involution. 

3. Deoxyribonucleic acid and non-collagenous protein N increased similarly 
during pregnancy; in lactation deoxyribonucleic acid showed a slight further 
rise, while non-collagenous protein N rose markedly. Both fell to very near 
their original levels during involution. 

4. The lipid of the gland, other than that in the milk, diminished during 
lactation. 


We are very grateful to the Nuffield Foundation for a grant which made this work possible, and 
to Miss Shirley M. Fitch for skilled technical assistance. 
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CHANGES IN THE PHYSICAL PROPERTIES AND IN THE 
COLLAGEN AND HEXOSAMINE CONTENTS OF THE FOETAL 
MEMBRANES DURING PREGNANCY IN THE RAT 


By MARGARET L. R. HARKNESS anp R. D. HARKNESS 
From the Department of Physiology, University College London 


(Received 23 January 1956) 


In the course of other work we observed that the foetal membranes (amnion 
and yolk sac) showed changes in physical properties at the end of pregnancy. 
From fairly tough, clean and well-defined structures earlier in pregnancy they 
became soft, friable, slimy and ill defined. These changes seemed likely to be of 
biological importance in facilitating the birth of the foetus, and we thought it 
of interest to examine them in more detail. We have now tested the strength 
of the membranes by measuring the pressure required to rupture a portion held 
across a standard, circular aperture. From the 15th to 18th day of pregnancy 
this pressure rises progressively. It then drops steeply and remains low until 
the end of pregnancy. During this fall change in the collagen content of the 
membrane per unit area was found to be relatively slight. The decrease in 
strength of the membranes was accompanied by a fall in the concentration of 
collagen per unit weight and an increase in the total hexosamine content of 
the membranes relative to collagen; these results suggest an increase in the 
polysaccharide component of the connective tissues. A preliminary account of 
this work has already been published (Harkness & Harkness, 1955). 


METHODS 


The rats were albinos of the local strain (originally ‘Glaxo’), weighing 180-220 g at the commence- 
ment of pregnancy, the date of which was determined by the same method as used previously 
(Harkness & Harkness, 1954). Each rat was killed by a blow on the head and breaking the neck. 
The contents of the uterine horns were removed intact, and the membranes were either dissected 
away and used for analysis, or tested mechanically. 

Chemical methods. Collagen was extracted with hot trichloroacetic acid (Fitch, Harkness & 
Harkness, 1955) and estimated from the hydroxyproline content of the acid hydrolysate of the 
extract (Neuman & Logan, 1950a). Hexosamine was estimated after acid hydrolysis by the 
Elson-Morgan reaction (Elson & Morgan, 1933), using the procedure of Boas (1953) for removal of 
contaminating chromogens. In some cases nitrogen in the solid left after extraction of collagen 
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was estimated by the micro-Kjeldahl procedure, using the digestion technique of Chibnall, Rees & 


Williams (1943),and the ammonia estimated by distillation into boric acid with bromocresol green- 
methyl red as indicator (Conway, 1946). We have called this fraction ‘non-collagenous protein 
nitrogen’, though it will not represent all non-collagenous protein, since some material other than 
collagen is dissolved in hot trichloroacetic acid. 

Method of examining the mechanical properties of the foetal membranes. The apparatus is shown in 
Fig. 1. The membranes were held across a circular aperture 3-5 mm in diameter, and the pressure 
required to burst them was measured, The aperture was surrounded by a concentric ring of holes 
through which gentle suction was applied in the preliminary stages of dissection to hold the tissue 
in place. The procedure was as follows. The bag of membranes containing the foetus and attached 
to the placenta was placed intact over the aperture, which was in the middle of a small bath of 
0-9% (w/v) sodium chloride, The placenta was cut off, the membranes (yolk sac and amnion) 
opened and the foetus removed. A cap with a hole in the centre was placed over the membranes 
to hold them in position. This cap was subsequently held in place by finger pressure. Suction from 
a filter pump with the tap fully opened was then turned on, and the pressure at which the 


Foetal membranes 


To filter pump Vem: 


and manometer 3 
Fig. 1. Apparatus for measuring the strength of foetal membranes. 


membranes burst was observed. The rate of change of pressure was in all cases the most rapid the 
filter pump could produce with the standard dead space of the apparatus and a trap. It took 
about a quarter of a minute for the pressure to fall to 50 cm Hg below atmospheric pressure. The 
observations reported here were all made at 20-22° C; a few made at 37° C gave similar results. 

Measurement of the area of the membranes. From other rats we had figures for the weights at 
different times of pregnancy of individual conceptuses, which comprised the bag of membranes 
with its contents (foetus and amniotic fluid) plus the placenta. We estimated changes in the weight 
of the bag of membranes and contents by subtracting the average placental weight obtained from 
another series of rats. In order to obtain an estimate of changes in area of the bag of membranes 
we assumed the bag to be spheroidal. We estimated the length to breadth ratio for calculating 
surface area from photographs of horns of the uterus at various stages of pregnancy. The specific 
gravity of the bag and contents was assumed throughout to be unity. Clearly this is not strictly 
accurate, but the error is too small to affect the conclusions and we have therefore ignored it. 
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RESULTS 


Physical properties and composition of membranes. The area of membranes 
examined was that covering the back and sides of the foetus. Observations on 
various parts of the membranes indicated that the bursting pressure was 
approximately uniform over this region, though rather higher in the small 
area where the membranes lie against the placenta. 


Time of pregnancy (days) 
Fig. 2. Breaking pressure (om Hg) of foetal membranes. The vertical lines extend from 
+ to - the standard error of the mean. 


os 
14 15 16 17 18 19 20 21 2 


Time of pregnancy (days) 
Fig. 3. Total collagen content of foetal membranes. The line is a calculated regression line 
representing the equation: 


Collagen (mg) = — 1-96 + 0-146 (40-075) ¢ (days) 


The pressure required to burst the membranes at various times of pregnancy 
is shown in Table 1 and Fig. 2. It will be seen that this pressure rises from the 
15th to the 18th day. On the 19th day it drops sharply. This decrease is 
followed by a further but slower decline. While these changes are taking place 
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the total amount of collagen in the membranes rises approximately linearly 
(Table 1 and Fig. 3). The total weight of the membranes follows a different 
curve, and there is a general correlation between the concentration of collagen 
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Fig. 4. Changes in chemical composition of foetal membranes with time of pregnancy. (a) Collagen 
concentration (ug/g wet weight). (6) Total hexosamine (ug) in membranes = foetus, 
and ratio collagen/h ine, calculated from the regression line for total collagen and curve 
for total hexosamine. (c) Quantity of collagen per unit area of membranes (yug/cm*). The 
change in breaking pressure with time of pregnancy is shown by a dotted line in each of the 


and breaking pressure (Table 1 and Fig. 4a). This is not exact, the time of 
highest concentration appearing to be earlier than the time of highest breaking 
pressure. These data on collagen concentration show that the previously 
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| recorded relation between increase in weight and collagen (Harkness & 
Harkness, 1955a), based on a small sample, is an oversimplification. 

The change in the total hexosamine content of the membranes is shown in 
Fig. 46. The curve is convex to the time axis, hexosamine accumulating 
( progressively more rapidly as pregnancy advances. The ratio of collagen to 
) hexosamine calculated from the separate curves for total collagen and total 
hexosamine is approximately correlated with the breaking pressure. 


TABLE 2. Weight and dimensions of uterine contents 


Time of pregnancy (days) ... 11-13 14-15 pr 18-19 20 21 214 
> Weight of uterine con- 096 4004 0-52 +0-08 204 469 40-25 5-62 4024 606 40-17 
tents per foetus (g) (8,126) (6,143) “G 16-8) (6, 18-7) (12) (9) (9 
Weight of placenta (g) 0-175 +0-042 0-276 40-017 0-351+40-009 0-439 +0-009 0-452+0-015 0-442 40-015 
| (9, 14-7) 16-5) (14,186) (7) (9) (10) 


‘ 1-26+0-08 1-44 +006 40-02 1-73 40-18 2-39 40-22 220 1015 2-15 10-20 
sac (0,488) (4°, 180) (4,470) 100) (4*) is) 
The estimate of variation is the standard error of the mean. The figures in parentheses are, first, number of rats or 

| and in bold type, mean time of pregnancy 
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Days of pregnancy 
Fig. 5. Dimensions of sac of membranes. 


The non-collagenous nitrogen was not as fully investigated as the other 
constituents; the total increased in the last 4 days of pregnancy, while the 
concentration decreased as in the case of collagen. It appears that the increase 
in weight of the membranes in this period is mainly due to an increase in 
material with a low protein content. 

) Changes in the area of membranes. Changes in the weight of uterine contents 
| and of the placenta, and in the length to breadth ratio (1/b) of the bag of 

membranes are shown in Table 2 and Fig. 5. 1/b shows large variation at the 
end of pregnancy, which is not unexpected if the restraint of the membranes 
is reduced, since the foetuses move about actively at this time. We have 
actually used the values obtained from a smooth line, drawn by eye through 


) the points, for calculations of area, but the results would not be materially 


affected if the mean values for individual days were used. The changes in the 
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quantity of collagen present in unit area of membranes are shown in Fig. 4c, 
where they may be compared with changes in breaking pressure. The breaking 
pressures cover an approximately sixfold range, whereas changes in collagen 
per unit area of membranes are small, having a range of only about 30%. 


DISCUSSION 


The method we have used for measuring the mechanical properties of the 
foetal membranes is empirical, and the results could be affected by changes in 
properties other than tensile strength. When the membranes are subjected to 
pressure they bulge and stretch before they eventually break. They break. by 
splitting somewhere in the centre of the bulge, not by tearing at the edge of 
the aperture across which they are stretched. The tension in the membrane is 
related to pressure difference on the two sides and to the radius of curvature 
of the bulge. We did not make any measurements of the changes in the radius 
of curvature at the breaking point at different times in pregnancy. It seems 
likely that, if they were allowed for, the changes in breaking point would be 
even greater than those recorded, since one would expect the radius of curva- 
ture to be greater the less stretchable the membranes; and the membranes 
seem to be much more easily stretchable in the last 2 or 3 days of pregnancy. 
This can be seen if one injects fluid into a whole sac of membranes. At the 
end of pregnancy they stretch extremely easily and at once at very low 
pressures. On the other hand, about the 18th to 19th day they may hold a 
pressure of as high as 70cm of mercury without obviously stretching. It 
seems reasonable to conclude therefore that our measurements do represent 
a real weakening or relaxation of the structure of the foetal membranes. The 
mechanism of this weakening is unknown. Change in quantity of collagen 
present in unit area of membranes appears to be too small to account for it. 
It is of course possible, though perhaps unlikely, that the membranes are not 
held together by collagen at all, but by some other material. We have reason 
to think that elastin is very unlikely to be important in this respect; silver 
staining of the membranes shows a heavy reticulin network in the yolk sac 
membrane and a much lighter one in the amnion. No elastin network was 
demonstrable by Verhoeff’s method. Extraction of the membranes with 
0-1 N-NaQH at 100° C for 45 min and washing with water left a small amount 
of material which contained traces of hydroxyproline which, though too small 
for accurate estimation, would correspond to an amount of elastin equal to 
only about 5% of the total collagen on the basis of the hydroxyproline content 
of elastin given by Neuman & Logan (19506). Elastin seems to have only 
about one-tenth the tensile strength of collagen (Wéhlisch, du Mesnil de Roche- 
mont & Gerschler, 1927). It therefore seems unlikely that elastin plays any 
important part in determining the strength of the membranes. It is also 
unlikely that the physical changes that we have found are due to alterations 
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in some unknown structural element, though this possibility must be kept in 
mind. The structural function of other materials has been very little studied, 
and it is undoubtedly important for the understanding of the structural 
stability of tissues that more work should be done on this question. It is of 
interest to make a rough calculation to see whether the quantity of collagen 
present is enough to account for the strength of the membranes. One can get 
an approximate estimate of the minimum strength of the membranes if it is 
assumed that at the moment of breaking the bulge is in the form of a hemi- 
sphere. The pressure (p) will then be related to the tension in the membranes (7) 
by the formula p=27/r, where r is the radius of curvature of the hemisphere. 
The breaking tension in the strongest (18-day) membranes works out at 
about 5kg/mm* of collagen. The breaking strength of tendon is of the 
order of 5-10 kg/mm? of fresh tissue (see Cronkite, 1936; Stiicke, 1950), or 
10-20 kg/mm? of collagen. In tendon the collagen is orientated in longitudinal 
bundles to give maximal strength in the direction of the stretching force. In the 
membranes with which we are concerned the fibres are not orientated all in 
one direction but are in the form of a two-dimensional network. We should thus 
expect about half the tensile strength, which is approximately what is found 
in unsoftened membranes. Though this is a rough calculation it does indicate 
that the collagen in the membranes could account for their physical strength. 

None of the chemical changes that we have investigated exactly parallels 
the change in physical properties of the foetal membranes. Nevertheless, there 
is a suggestive general parallelism between these and the changes in per- 
centage collagen, percentage total protein and in the ratio of collagen to 
hexosamine. The fact that the percentage total protein diminishes indicates 
that the collagen is not diluted by an increase in cellular material, but more 
probably, in extracellular material. The relative increase in hexosamine points 
in the same direction, and indicates that the increase is not a simple oedema 
but involves increase in extracellular polysaccharides. Though clearly much 
more information is required to define the relation between physical and . 
chemical changes, the latter suggests infiltration with a watery lubricating 
material which allows the collagen fibres to slide over one another. Judging 
by properties of tendon, which breaks at about 10% extension (Wéhlisch et al. 
1927; Stiicke, 1950), the collagen fibres themselves are very inextensible. 
Paradoxically it appears from electron microscopical evidence that the finer 
protofibrils can be extended to double or more their resting length. Fibrils 
can be found with increased band widths, and these fibrils are presumed to 
have been stretched by contraction of neighbouring material in the pre- 
paratory procedure for electron microscopy (see Bear, 1952). Increased band 
widths have also been produced by deliberate stretching of specimens before 
electron microscopy (Mustacchii, 1951). Reduction in collagen concentration 
by dilution with some other material similarly takes place in the symphysis 
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pubis when it is relaxed by relaxin (Frieden & Hisaw, 1953). It is also found 
in association with mechanical weakness in wounds in scorbutic animals 
(Abercrombie, Flint & James, 1955). Another obvious instance of relaxation 
is that of the uterine cervix in pregnancy, but nothing seems to be known 
about its time course for comparison with chemical changes such as the reduction 
in collagen concentration in pregnancy (Harkness & Harkness, 1954). No 
measurements of hexosamine in any of these instances of tissue relaxation 
appear to be available for comparison with our own. The change in hexosamine 
we have found could be unrelated to the connective tissues and be caused by 
secretion of mucus or changes in other hexosamine-containing materials. The 
importance of a more detailed investigation of this point will be easier to judge 
when the results of comparable investigation of other cases of relaxation are 
available. 


SUMMARY 


1. Investigation of the physical strength of the foetal membranes of the 
rat showed a rise from the 15th day to a maximum about the 18th day, 
followed by a steep fall to low values at the end of pregnancy. 

2. Over the same period of pregnancy there was an approximately linear 
increase in the total collagen content of the membranes. 

3. Investigation of the surface area of the membranes showed relatively 
small changes in collagen per unit area. These were not large enough to account 
for changes in strength, and it was concluded that the weakening represents 
a relaxation of the structural material analogous to that which takes place in 
the cervix and symphysis pubis in pregnancy. 

4. The weakening of the membranes was accompanied by an increase in 
material of low protein content, and a drop in collagen concentration per unit 
of wet weight. 

5. There was a general but not exact parallelism between the strength of 
the membranes and the ratio of collagen to hexosamine. 


We are grateful to the Nuffield Foundation for a grant for this work, to Mr C. A. Evans for 
photography and to Miss Shirley M. Fitch for her skilled technical assistance. 
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THE DISTRIBUTION OF THE GROWTH OF COLLAGEN IN 
THE UTERUS OF THE PREGNANT RAT 


By MARGARET L. R. HARKNESS anp R. D. HARKNESS 
From the Department of Physiology, University College, London 


(Received 11 November 1955) 


In a previous paper (Harkness & Harkness, 1954) it was reported that rapid 
formation of collagen took place in the rat’s uterus during pregnancy, and that 
the quantity formed depended upon the number of foetuses present. It was 
thought probable that mechanical distension by the growing contents played 
an important part in determining this relationship. No direct evidence was, 
however, obtained to support this view and it was possible, though perhaps 
unlikely, that the relation could be entirely explained by local growth of 
collagen at the placental sites, rather than in the remainder of the uterus which 
is stretched by the growth of the contents. We have now investigated these 
two parts separately, and found that the growth of collagen is mainly in the 
distended part. We have also investigated the change in area of the expanding 
uterine wall in order to define more exactly the quantitative relation between 
mechanical stretching and collagen formation. 


METHODS 


The rats used were albinos from the local stock. They weighed approximately 180-200 g at the 
start of pregnancy, which was timed by the same method as we have used before (Harkness & 
Harkness, 1954). They were killed by a blow on the head and breaking the neck. The placental 
sites were removed by cutting round the edge of the placenta, seen through the wall of the uterus 
before it was opened. The foetuses and associated structures were removed. The placental sites 
and rest of the wall of the uterine horn were analysed separately, each horn being cut off at the 
cervical end from the cervix. Collagen was extracted with hot trichloroacetic acid (Fitch, Harkness 
& Harkness, 1955). The specimens were placed in centrifuge tubes in about ten times their weight 
of 5% (w/v) trichloroacetic acid and heated for }hr at about 90° C. (temperature of gentle 
decomposition of the acid). They were then centrifuged and the supernatant removed. The solid 
was homogenized in 5% trichloroacetic acid in a Potter-Elvehjem homogenizer and heated for 
a further } hr as before. After centrifuging the supernatant was removed and the solid extracted 
three times with cold trichloroacetic acid. The bulked trichloroacetic acid extracts were made up 
to a suitable volume with distilled water and an aliquot, usually one-tenth, taken to dryness in a 
small beaker on a boiling water-bath, washed with 6n-HCI into a test-tube, sealed and hydrolysed 
in an autoclave at 40 Lb./sq.in. (2-8 kg/cm*) for 4 hr. Hydroxyproline in the hydrolysate was 
estimated by the method of Neuman & Logan (1950), and the resultant figure converted to weight 
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of collagen by multiplying by 7-46. The total nitrogen content of the solid left after the trichloro- 
acetic acid extraction was estimated by the micro-Kjeldah| method using the digestion method 
of Chibnall, Rees & Williams (1943) and distillation into boric acid with bromocresol green-methy] 
red indicator (Conway, 1946). This nitrogen does not represent all the non-collagenous protein, 
since some material other than collagen is dissolved by the hot trichloroacetic acid. 


Measurement of changes in dimensions of the uterus 

We had available from these and other experiments a relatively large body of information on the 
weight of the horns of the uterus at different times of pregnancy, from which the relation of weight 
of conceptus and associated uterine wall to time of pregnancy could be established fairly accurately. 
In order to estimate changes of area of wall of uterus we have investigated the relation of area to 
weight of conceptus and wall on a smaller series of animals and applied the results to the larger 
series. As was to be expected the relation of area to weight was more consistent than the actual 
weight at a given time of pregnancy. 

Measurements of area were made on excised uteri. It is clearly tedious and difficult to measure 
exactly the surface area of a complex shape like a rat’s uterus. It is also clear that the area is not 
constant but will depend upon the shape of the uterus, which in such a muscular organ is to some 
extent variable. For this reason, and because knowledge of the subject is in too elementary a 
stage to make a more elaborate treatment worth while now, we have used a relatively simple and 
rapid method of estimating surface area involving a number of approximations. The uterus was 
removed, pinned over white paper and photographed beside a scale, first with the horns arranged 
so that the placental sites faced the camera, and then with the placental sites facing at right angles 
to their original position and parallel to the plane of the paper. Areas were calculated from 
measurements made on these photographs. The same measurements were used to calculate volumes 
which could be compared with the known weight of the organ as a check on the general accuracy 
of the method. Up to approximately the 19th day of pregnancy the shape of the uterus is that of 
a series of ellipsoidal bodies (foetuses and adnexa) joined by short, narrow approximately cylindrical 
segments. The surface areas and volumes of the cylindrical parts were estimated from their lengths 
and average diameters. The areas and volumes of the ellipsoidal parte were estimated from their 
lengths, and two shorter diameters at right angles to one another using the formula for a sphere of 
radius calculated as follows. If the length or long diameter is 2a, and the two short diameters are 


2b and 2c, the radius used for calculating area is r—*/*"°*°, and for volume r= abe, The 


results are almost the same if the ellipsoidal parts are regarded as spheroids with smaller radius, 
the average of the two smaller radii 6 and ¢c of the ellipsoid. After about the 19th day the horns 
become cylinders of slightly varying radii. Their surface areas and volumes were calculated from 
the average radius and length. 

The final estimates of area of the wall of the uterus apart from the placental sites were made as 
follows : 

(1) The values of the ratio of surface area to weight at different times of pregnancy were found 
from the smaller series of rats and applied to the larger body of data on weight to get values for 
the total outer surface of the uterus. 

(2) The area of the placental sites was subtracted from the total area so derived to obtain the 
area of the rest of the wall of the uterus. The area of the placental sites forms a relatively small 
part of the whole, and was estimated approximately from the photographs. 

(3) The area thus found is the area of the outer surface.of the uterus. In the later stages of 
pregnancy the walls are so thin that this is almost the same as the area of the inner surface, but 
in earlier stages there is an appreciable difference. To find the inner area approximately we have 
mu'tiplied the outer area by (w/w,)!, where w is the weight of the contents of the uterus and w, 
the weight of the whole (contents + wall). The area for relation to collagen formation was taken 
as ‘he mean of the outer and inner surface areas. 

(4) As a measure of the change in linear dimension in the plane of the wall we have taken the 
Square root of the mean area. 
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RESULTS 
Growth of collagen in the uterus 
A fundamental difficulty in the analysis of the growth of the uterus of the rat 
in pregnancy is caused by the variation in number of foetuses in the horns, 
since the number of foetuses affects the growth of the horn. This was noted in 
a previous paper (Harkness & Harkness, 1954). However, it appears that if 
there are four or more foetuses per horn, the quantity of collagen per foetus 
does not vary systematically with the number of foetuses, and is approximately 
constant at any given time of pregnancy after about the 10th day. This point 
is illustrated in Fig. 1, in which the quantity of collagen in the horn per foetus is 
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Days of pregnancy 
Fig. 1. Quantity of collagen (mg) per foetus for horns with various numbers of foetuses. 
@, three or fewer foetuses in the horn; 0, four or more foetuses. 


plotted against the time of pregnancy, the number of foetuses in the horns 
being indicated by different symbols. In this figure the results from twenty- 
eight rats of an earlier series (Harkness & Harkness, 1954) have been combined 
with the results from forty-one rats of the present series. The symbols for horns 
with less than four foetuses are all solid black. It is clear that if there is only 
a small number of foetuses, one or two per horn, the quantity of collagen per 
foetus is greater than if there is a large number of foetuses. If there are four or 
more foetuses per horn the quantity of collagen per foetus shows no obvious 
further systematic variation with number of foetuses. Although one would 
not be justified in concluding that no such systematic variation exists, it is 
clear that much more information would be needed to demonstrate it, and as 
a first approximation it seems reasonable to consider together all horns with four 
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or more foetuses. The results so combined are given in Table 1 and Fig. 2. The 
relation of collagen content to time is linear. In the absence of any foetus there 
is little, if any, change in the collagen content of the horn in the second half 
of pregnancy (Fig. 3). 


al 

0 l L i L 

10 12 14 16 18 20 2 

Days of pregnancy 


Fig. 2. Mean collagen content (mg) of horn per foetus for horns with four or more foetuses. 


5 
0 i l i 
Days of pregnancy 
Fig. 3. Collagen content of empty horn (mg) during pregnancy. — — - - , oestrus value. 


The results of separate examination of placental sites and the rest of the 
uterus are given in Table 2. Most of the collagen is in the rest of the uterus, 
the quantity in the placental sites varying at different times of pregnancy 
between about a quarter and a third of the whole. The quantity per placental 
site rises to a maximum between the 17th and 19th days and subsequently 
falls. In the rest the quantity rises continuously. The concentration of collagen 
per unit wet weight is lower in the placental sites, being generally rather over 
half that in the rest of the uterus. In both placental and non-placental sites 
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it changes with time of pregnancy. The relation of collagen to non-collagenous 
protein N changes in the same way as the concentration of collagen per unit 
wet weight. 

For comparing growth of collagen in the wall of the uterus with changes in 
dimensions of the wall we have used our figures for the collagen content of the 
placental sites to estimate collagen in the rest of the horns included in Table 1, 
in which only the total collagen content was measured. The total collagen in 
these horns per foetus did not differ significantly from the total in the horns in 
the series in which placental sites and rest were examined separately. The 
relation between time of pregnancy and collagen i in the rest of the uterus 
calculated from all the horns combined in this way is shown in Fig. 6. 


8 11 13 15 17 19 20 21 
Days of pregnancy 
Fig. 4. Silhouettes of uterus at different times of pregnancy. A is the silhouette with the placental 
site facing the camera; B is the silhouette at right angles to this. 


Changes in the dimensions of the uterus 

The change in shape of the uterine horns in pregnancy is illustrated in Fig. 4, 
which shows representative silhouettes at different stages of pregnancy and 
illustrates the description given under Methods. That the assumptions as to 
shape made in calculating areas were reasonable is shown by comparison with 
weights of volumes calculated from the same measurements as used for area. 
The coefficient of correlation between volume and weight was 0-998 and the 
average specific gravity 1-031 + 0-021. The change in A/W is shown in Fig. 5 
by plotting log,, A —log,, W, which makes the relation to time of pregnancy 
nearly linear. The log,, of the total weight of horn per foetus is shown on the 
same figure. The ratio A/W changes much less than does W during pregnancy. 
The derived values of A are given in Table 3. As we have explained under 
Methods, we have taken the square root of the mean area as an approximate 


measure of linear dimension of the wall of the uterus in the plane of the wall. 
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The square root of the mean area and total collagen of the rest of the uterus 
are plotted logarithmically against time of pregnancy (Fig. 6). Both curves 
are approximately straight lines of nearly equal slope, and it appears from 
them that the rate of collagen formation approximately corresponds to the 
rate of linear stretch in the wall. Both quantities increase about 10% per day. 
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Fig. 5. Log, total horn weight per foetus and ratio of outer surface area per foetus to weight per 
foetus. Graph for horn weight based on values from ninety horns. 


TaBxz 3. Collagen content and area of surface of horns 


Days of pregnancy ... 10 12 14 
Total horn wt. per 0-125 0-275 0-596 
foetus (g) 
Outer surface area 1-50 2:30 3-52 
(cm*) 
tal area (cm?) 0-15 0-34 0-64 
Mean area of rest 1-12 1-73 2-65 
(cm*) 
Collagen of rest (mg) 1-31 1-60 1-94 
DISCUSSION 
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It is clear from our results that only a small part of the growth of collagen in 
the wall of the uterus in pregnancy occurs in the placental sites. The greater 
part involves the rest of the uterus where distension mainly occurs. Our 
findings are therefore not incompatible with the idea that distension plays a 
part in stimulating the growth of the uterus during pregnancy. Furthermore 


positive evidence of the importance of distension rather than hormonal 
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influence is derived from the finding that a horn without foetuses shows very 
little increase in collagen. There is also a hormonal effect, since there is some 
increase in the collagen content of both empty and full horns above the non- 
pregnant value in the first 10 days of pregnancy. 


07 
06 06 
405 
04} 
01 
10 12 14 16 18 20 22 
| Days of pregnancy 
Fig. 6. Log), collagen in rest of uterus per foetus [@], and log,, square root mean area 
of surface of horn per foetus [0 }. 


The relation between growth of collagen and change in dimensions of the 
wall of the uterus has been estimated only approximately, but it seems clear 
that the rate of collagen formation at least roughly corresponds to the rate of 
increase in the linear dimension of the surface of the wall, i.e. in the linear 
dimensions along the direction of stretch. The main interest in an empirical 
relation of this sort lies in the possibility of comparing it with relationships 
found in other situations where collagen formation and stretching could be 
compared, but unfortunately no other investigations of this sort appear to 
have been made, The relation we have found would be produced if the 
mechanical stretch pulled out individual collagen bundles, and caused them 
to become thinner in proportion as they were stretched; and if there were 
present a mechanism for adding material to the bundles thus thinned to make 
them up to their original diameter. It seems not unreasonable to suppose such 
a mechanism might exist in view of the fact that the smaller fibrils of collagen 
seen with the electron microscope do seem to be generally rather constant in 
diameter (e.g. Hall, Jakus & Schmitt, 1942; Gross & Schmitt, 1948), though 
this is not an absolutely universal rule and there is variation of the diameter 
with age (e.g. Gross, 1950; Banfield, 1955). This idea is, of course, quite hypo- 
thetical; indeed one does not even know for certain whether the fibres are 
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stretched at all. They could be continuously resorbed and replaced. In fact, 
almost, nothing definite is known of the relative importance of absorption and 
re-deposition, and of straightforward stretching with creep in the growth of 
any organ. The relatively low turnover of collagen in tendon and skin of 
growing rats found by Neuberger, Perrone & Slack (1951), and Neuberger & 
Slack (1953) suggests that stretching and creep must be important. Both 
tendon and skin grow with only slow loss of isotopically labelled material. The 
findings could of course be explained if the whole collagen molecule were made 
soluble and re-deposited locally, but this is unlikely in view of the evidence 
that the most soluble form of collagen in skin is a precursor of collagen, i.e. it 
is newly formed, not formed by solution of old collagen (Harkness, Marko, 
Muir & Neuberger, 1954). 

The changes at the placental sites require some discussion. These sites 
contain the same tissues as the rest of the wall of the uterus to which are added 
other tissues to make up the whole. The placental sites are likely to be subject, 
to some extent at least, to the same stretching forces which affect the rest of 
the uterus. Although they are firm and well marked up to the 19th or 20th day 
of pregnancy, thereafter they become flattened and less well defined. It is 
probable that, at this stage, the wall of the uterus slips over the placenta and 
that this may account for the apparent diminution in the weight and collagen 
content of the site. The placenta at this time is only very loosely attached to 
the uterus, except at its centre where its vascular supply enters. In fact, if one 
assumes that the whole wall, including the placental sites, grows at the same 
rate, and that the wall slips over the placenta, it is not difficult to calculate 
from the data that most of the apparent drop in quantity of collagen at the 
placental sites is accounted for. The drop in non-collagenous protein is greater 
than that in collagen so that the results indicate loss of the former protein from 
the sites. 

SUMMARY 


1. Growth of collagen and non-collagenous protein at the placental sites and 
rest of the uterine horn during pregnancy in the rat has been investigated. 

2. The greater part of the growth was found to be in the rest of the horn 
which is the distended part, a finding which is compatible with the hypothesis 
that mechanical distension plays an important part in controlling collagen 
formation in the uterus in pregnancy. 

3. Further support for this hypothesis was obtained from the fact that no 
collagen formation took place in the empty horn of a pregnant uterus in the 
second half of pregnancy. 

4. Changes in the area of the wall of the uterus were investigated, and it 
was found that collagen formation was roughly proportional to the change in 


linear dimensions of the wall in the direction of the stretch, i.e. in the plane of 
the wall. 
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We are grateful to the Nuffield Foundation for a grant for this work. We are indebted to 
Prof. C. A. Rogers for suggesting the formula used in calculating the surface area of the uterus 
(p. 493). It is again a pleasure to acknowledge the skilled technical assistance of Miss 8. M. Fitch. 
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_ THE TIME-COURSE AND ROUTE OF LOSS OF COLLAGEN 
FROM THE RAT’S UTERUS DURING POST-PARTUM 
INVOLUTION 


By R. D. HARKNESS anp BRENDA E. MORALEE 
From the Department of Physiology, University College London 
(Received 12 December 1955) 


During the course of investigation into the relationship between the growth 
of supporting tissues and parenchyma, it was observed that there was a rapid 
formation of collagen in the rat’s uterus during pregnancy and, a fact which 
was in some ways more interesting, that this collagen disappeared very rapidly 
from the uterus after parturition (Harkness & Harkness, 1954). As a prelimi- 
nary to further work on this striking post-partum change, it was necessary 
to have more accurate information on the time-course of disappearance of 
collagen. This we have now obtained. 

It was also necessary to have some information about the route of loss of 
collagen. The principal interest in the disappearance of collagen from the 
uterus after parturition lies in the assumption that it represents an internal 
reabsorption of the material. It has been suggested several times in discussions 
of our-earlier findings that this may not be so, and that collagen may be shed 
into the lumen of the uterus and lost through the vagina. We have investigated 
this point. ; 

A short account of this investigation has already been published (Harkness 
& Moralee, 1955). 

METHODS 
The rats were albinos of the local stock about 3 months old and weighing 180-200 g at the start 
of pregnancy, All pregnancies were first pregnancies. The rats were placed in individual cages 
3 days before the expected time of parturition. When they were required for examination of 
tissues they were killed by a blow on the head, and breaking the neck. The whole uterus was 
removed, the suspensory ligaments being cut off flush with the wall. The cervical part and the 


horns were cut apart, opened, blotted rapidly on filter-paper and weighed. The collagen content 
was then estimated by the method of Neuman & Logan (1950a). 

Samples of material going from the uterus to the vagina were obtained from other animals by 
means of cotton-wool pledglets (cylindrical dental swabs 1 cm long by 3 mm diameter) covered 
with one layer of surgical gauze. These were introduced into the vagina without anaesthesia 
through a glass tube and left in for 6-18 hr. They were removed with forceps, placed in 5 ml. of 
distilled water and autoclaved for 6 hr at 30 Lb./sq.in. (2-1 kg/cm*), The watery extract was 
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removed and they were again extracted with two changes of hot distilled water. The extracts were 
evaporated to dryness on # boiling water-bath, washed into tubes with 2 ml. of 6x-HCl, sealed and 
hydrolysed by autoclaving for 4 hr at 40 Lb./sq.in. (2-8 kg/cm*). The hydroxyproline content of 


_ the hydrolysates was estimated by the method of Neuman & Logan (19505). 


Total collagen (mg) 


@3@:104 5 
28 on 


@o 474005 


50 
10+ 


Days after parturition 
Fig. 1. Collagen content of individual horns. ©, four or more foetuses per horn; @, three or less 
foetuses per horn (the actual number being shown in each case by the figure). Not all rats in 
Table 1 are included in this figure, because in some cases the two horns were analysed together. 


RESULTS 


_ A difficulty in the analysis of the results arose from variations in the number 


of foetuses in the horns. It is known that this factor plays an important part 
in determining the growth of collagen in the uterus in pregnancy (Harkness & 
Harkness, 1954, 1956). The crude total collagen contents of the horns are shown 
in Fig. 1. From this figure it is clear that the number of foetuses affects the 
collagen content of the horns markedly in the early stages of involution, but 
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much less later when the process is nearing completion. The general picture is 
of a slight delay, followed by an exponential type of fall. To overcome the 


difficulty of variation in number of foetuses and to clarify the changes, we 


have analysed the results in two ways. First we have selected from the indivi- 
dual groups killed at different times in such a way as to minimize the difference 


415 


o 


Total collagen in cervix (mg) 


Total collagen per horn (mg) 


0. i j j j 0 
0 1 2 3 4 5 6 
Days after parturition 
Fig. 2. Time-course of loss of collagen from the horns and cervix separately. The vertical 
lines indicate the standard error of the mean. 
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Percentage value at parturition 


Days after parturition 


Fig. 3. Changes in weight and collagen content of horns of uterus 


between average number of foetuses per horn. This we have done by omitting 
the horns with the highest or lowest numbers of foetuses until the mean 
number of foetuses was as nearly as possible the same in each time group. 
Horns with a given number of foetuses were either all excluded or all included 
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in the group, the sole criterion for exclusion being the number of foetuses. 
This procedure is defective in the early stages after parturition as it only gives 
useful information about the mean values and none about the variability 
which is largely due to variation in the number of foetal sites. On the other 
hand, it provides a fairly accurate picture of the later changes when the 
number of foetal sites has relatively little effect on the collagen content of the 
horn. The second method we have adopted is to compare the mean collagen 
content of the horn per foetal site for horns with four or more foetuses. 
Evidence has been reported previously (Harkness & Harkness, 1956) that the 


mean collagen content of the horn per foetus is approximately constant at any : 


given time of pregnancy after about the 12th day if there are four or more 
foetuses in the horn. This second procedure will give a clear picture of the 
early changes after parturition but gives misleading results in the later 
stages since all the horns tend to similar values eventually, regardless of the 


TaBie 2. Collagen found in swabs in vagina 


Hours after parturition 
0-24 24-48 48-72 72-96 
No. of rats ... 2 4 2 1 
found in (mg) 0-26+0-01 0-19+0-02 0-08 + 0-02 0-05 
Mean total loss of from uterus, 91 8-9 12-1 2-4 
(from Table 1) 
in vagina as % of total lost 2-9 2-1 0-7 2-1 
in day 


The estimate of variation is the standard error of the mean. 


number of foetal sites. The two procedures therefore supplement one another, 
the first giving a more accurate picture of the later stages of involution, the 
second a more accurate picture of the earlier stages. The results are given in 
Figs. 2 and 3 and in Table 1, together with the results for the cervical part of 
the uterus, which needs no allowance for number of foetuses in the original 
pregnancy. Collagen does not begin to be lost at once after parturition or at 
least is lost only relatively slowly at first. After this delay, which is in the 
region of 12 hr or so for the horns and 24-48 hr for the cervix, an extremely 
rapid fall of an exponential type begins. The fall is rather more rapid for the 
horns than for the cervix. It soon takes the collagen content of both parts 
of the uterus below the normal non-pregnant value. The fresh weight of both 
the horns and cervix falls more rapidly than does the collagen content. 

The results of estimation of hydroxyproline-containing material collected on 
absorbent material placed in the vagina are shown in Table 2. Only very 


minute amounts of hydroxyproline-containing material were found in the 
vagina. 
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DISCUSSION 


Our results show that the loss of collagen from the uterus is even more rapid 
than had appeared from earlier work (Harkness & Harkness, 1954). It is of 
interest to compare the rapidity of this loss of collagen with other instances in 
the literature for which quantitative information is available. We have calcu- 
lated approximate times to half loss by plotting the log of total collagen against ~ 
time. The results (Table 3) are only approximate because of the limited data and 
the fact that the rate of loss is not usually constant. However, the figures show 
at least the order of magnitude of the differences between tissues and demon- 
strate very clearly the rapidity and completeness of the loss of collagen from 
the uterus after parturition. The rate of change is indeed fast even when com- 
parison is made with such materials as liver protein and plasma protein, which 
have a rapid rate of turnover. The latter, for example, has a halflife of 3-4 days 
in the rat (see Tarver, 1951). 


TaB_e 3. Times of half loss of collagen and percentage of initial total finally lost 
Time to half 
loss 


Percentage 
(days) finally lost 
Limb atrophy, rat (Slack, 1954) 50 45 
Thyroid of rat after withdrawal of 30 30 
i (Harkness, Harkness & 
Santler, 1954) 
Recovering cirrhotic liver of rat 10 35 
(Morrione, 1949) 
Uterus of rat (}-3 days post-partum) 1 90 


Our experiments with absorbent plugs in the vagina might be criticized on 
the grounds that we have not shown that material did not leak round these 
plugs. This seems unlikely from the appearance of the plugs since the absorbed 
material was largely confined to the upper end. Furthermore, the quantity of 
material found was so very small that even if several times this quantity had 
leaked past, the total would still be small compared with the total loss from 
the uterus. We conclude that the collagen is lost by reabsorption which is in 
keeping with the observation that the epithelial layer of the endometrium 
almost completely covers the inside of the uterus within 24 hr of 
parturition. 

It seems clear from these results that the uterus is outstandingly suitable for 
the investigation of the problem of the mechanism of the physiological dissolu- 
tion of collagen, and that attention should be directed mainly to the period 
between the Ist and 3rd days after parturition. 
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SUMMARY 


1. The time-course and route of loss of collagen from the uterus of the rat in 
the first week after parturition have been investigated. 

2. After a short delay of 12-24 hr for the horns and 24—48 hr for the cervical 
region the loss of collagen proceeds rapidly for about 2 days and then slows 
down. 

3. In the period from } to 3 days after parturition the time to half loss of 
collagen is about a day for the whole uterus. 


We are grateful to the Nuffield Foundation for a grant for this work. 
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THE ACTION OF ADRENALINE, NORADRENALINE, ACETYL- 
CHOLINE AND HISTAMINE ON THE PERFUSED LIVER 
OF THE MONKEY, CAT AND RABBIT 


By W. H. HORNER ANDREWS,* R. HECKER? ann B. G. MAEGRAITH 
From the Liverpool School of Tropical Medicine, 
Pembroke Place, Liverpool 3 


(Received 15 September 1955) 


In an earlier paper (Andrews, Hecker, Maegraith & Ritchie, 1955) we described 
the actions of adrenaline, noradrenaline, acetylcholine and histamine on the 
perfused canine liver. In this paper we record briefly a study of the action of 
the same substances on the livers of the monkey, cat and rabbit. The work 
has been carried out in order to assess differences in the reactions of the 
hepatic vessels of these mammals. We were especially interested in the part 
played by the hepatic veins in the control of liver blood flow. 


METHODS 


Apparatus 
The apparatus used was based on that described by Andrews (1953), but was modified to work 
with an extra-hepatic fluid volume of 150 ml. It is illustrated in the text diagram and is described 
below. 

From the hepatic veins the blood was conducted via an outflow recorder (Andrews, 1952) and 
# nylon filter to the main reservoir. From here it was pumped to a Hooker oxygenator, at whose 
base was a small chamber which acted as an upper constant-level reservoir. The excess of blood 
drained back via an outflow tube to the main reservoir. The upper reservoir was approximately 
40 cm above the level of the liver, and blood flowed from it to the liver via a water-bath which 
was placed between the hindlegs of the animal. In the water-bath the blood stream was warmed 
to body heat and then passed to either the portal or arterial systems. 

The pressure within the portal vein was measured by a manometer, and was adjusted to 
physiological levels by means of a screw clamp. Variations of pressure were recorded by an 
inverted piston volume recorder, the kymographic tracings indicating changes in rate of flow. 
‘The majority of experiments were performed with a portal pressure of 7-10cm blood. It was 
found necessary to include a bubble-trap in the circuit. Both glass and metal portal cannulae 
were used: for small animals metal was more suitable, and shortened, wide-bore, stainless-steel 
aspiration needles proved excellent. 


4 Present address: Department of Pharmacology, St Mary’s Hospital Medical School, London, 


t Present address: Hammersmith Hospital, Ducane Road, London, W.12. 
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The arterial pump was based on that described by Vane (1953). An air buffer was included, 
with a screw clamp to regulate pulse pressure. Arterial pressures were of the order of 80/90 mm Hg 
(monkey and rabbit) and 110/120 mm Hg (cat) and were recorded with a mercury manometer. 
Any small bubbles entering the arterial system rose into the air buffer. 

Liver volumes were measured both by the ‘funnel and balloon’ method, described by Andrews 
(1953), and by total plethysmography. The validity of records obtained by the former method 
is discussed elsewhere (Andrews et al. 1955). 


3. Coils in heating bath 
4. Bubble ¢ 


Portal venous manometer 

. Hepatic arterial (mercury) manometer 
10. Hepatic arterial inflow 
11. Portal venous inflow 
12. Hepatic venous outflow 

1 13. Outflow recorder 


H 14. Blood pump 8 
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Reservoir 


Foaming was prevented by coating the main reservoir with ‘Antifoam A’ (Hopkin and 
Williams, Ltd.) which we found to be most effective. The main reservoir was a glass jar, the 
neck being loosely plugged with cotton-wool to prevent gaseous interchange with the atmo- 
sphere. Heparin was used as the anti-coagulant. 

The water-bath and, when used, the plethysmograph were heated by circulating water through 
a larger, heated tank. The temperature was kept constant, and the temperature of the liver, 
when covered with cotton-wool, was always within one degree of that of the bath. 


Operative technique 

Sodium thiopentone, given intravenously, was used to induce unconsciousness in monkeys 
and rabbits, and ether then given to produce and maintain anaesthesia. Cats received intra- 
peritoneal sodium pentobarbitone (14 mg/kg body weight) and 15 min later were anaesthetized 
with ether. 

The surgical procedure was basically the same as that described elsewhere (Andrews, 1953), 
but owing to the small size of the animals the yield of blood was increased by adding warm 
Ringer-Locke solution (NaCl, 0-85 g, KCl, 0-042 g, CaCl, 0-025 g, NaHCO,, 0-02 g, distilled water 
to 100 ml.) to the general circulation via a jugular vein during the period of bleeding. The animal 
having been anaesthetized, one operator opened the abdomen with a mid-line incision and freed 
the portal vein from peritoneum and other structures, whilst a second operator cannulated a 
jugular vein and the trachea. Artificial respiration was begun and the thorax opened by splitting 
the sternum; if there was any bleeding the internal mammary arteries were ligated. The thoracic 


q Perfusion apparatus 
1. Constant level reservoir 
: 5. Hepatic arterial pump 
q 6. Screw clamp 
7. Air buffer 
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inferior vena cava was now cannulated, blood being drained into the main reservoir, and im- 
mediately warm Ringer-Locke solution was allowed to flow into the jugular vein; the rate of 
flow was sufficient to maintain a good heart beat and was regulated by an assistant. 

The superior mesenteric artery was next clamped, and the portal vein cannulated. Portal 
flow was started as soon as there was sufficient blood in the reservoir, this being usually within 
2 or 3 min. 

When the main reservoir contained enough fluid the inflow of Ringer-Locke solution was 
stopped, the inferior vena cava was ligated below the liver and the hepatic artery was cannu- 
lated. In the cat the artery itself was cannulated and anastomosing branches tied. We found 
that the most convenient method in monkeys and rabbits was to ligate and divide the oesophagus 
with its vessels and then, after turning the stomach caudally, to approach the hepatic artery via 
the aorta and coeliac arteries. By placing a loose ligature as a guide around the hepatic artery 
whilst the heart was beating and the aorta intact, the task of cannulating the correct vessel was 
considerably simplified. Arterial branches to viscera other than the liver were ligated. 

It was seldom possible to complete the surgical procedure in less than 20-30 min., but in 
almost every case the portal vein was cannulated and inflow begun while the natural arterial 
flow consisted mainly of blood. Cannulation of the artery of rabbits proved especially difficult 
owing to the fragility of the vessel walls. Haemoglobin values of the perfusion fluid seldom 
exceeded 8 g/100 ml, Our results on canine livers suggest that, although the metabolism of the 
liver may be depressed by haemodilution, the vascular reactions are not greatly altered during 
a period of at least half an hour. 


RESULTS 


In a previous communication (Andrews et al. 1955) we have indicated some 
of the difficulties of perfusion of the canine liver; unless the operative tech- 
nique is impeccable, within relatively few minutes of beginning the perfusion 
the liver becomes swollen and congested, the hepatic blood flow is greatly 
diminished, and the reactions to drugs vary considerably. The livers of mon- 
keys, rabbits and cats were much less affected by imperfections of technique, 
and we were able in almost all cases to perfuse at physiological pressures for 
hours without éncountering significant deterioration of the flow rates. A few 
livers, especially of cats, became somewhat swollen as perfusion continued, 
but a typical ‘blue liver’ was not seen in this series. The results described 
were obtained from a study of the livers of eighteen monkeys, eleven cats, 
and ten rabbits. | 
Adrenaline and noradrenaline 

The reactions to these substances appeared identical, and did not differ 
significantly in cat, rabbit, or monkey. These animals are therefore considered 
together. The usual amounts given varied from 1-0 to 5-Oyug, but responses 
were occasionally obtained with as little as 0-1yug. 

Adrenaline injected into the hepatic artery. The arterial and portal pressures 
were increased (i.e. a decrease of flow). The liver volume decreased. The 
hepatic venous outflow usually showed a short preliminary increase (some- 
times absent) followed by a decrease. With amounts of 1-Syug the reaction 
usually lasted 20-120 sec; the duration of increase of outflow was seldom 
greater than 20 sec. 
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Adrenaline injected into the portal vein. The response was similar to that of 
an equivalent amount given into the artery, but the rise of arterial pressure 
was smaller and the rise of portal pressure greater after portal administration. 
The outflow was almost always temporarily increased, but when large 
amounts were given the increase was followed by a decrease, a response 
which was occasionally seen in rabbits after moderate dosage. The volume 
of the liver invariably decreased. When the arterial flow was stopped the 
response was similar to that obtained with the circulation reversed (see 
below). 


Fig. 1. Cat. Adrenaline lyg injected into portal vein (1) and into hepatic artery (2 and 3). 
ACh injected into hepatic artery (4, lug; 5, 5ug; 6, 25ug) and into portal vein (7, 5g; 
8, 254g). PI, portal venous inflow (the fall in the recording indicates a decrease of flow and 
an increase of pressure); HO, hepatic venous outflow; LV, liver volume; HP, hepatic 
arterial pressure. Time signal in min, At the start of the tracing portal venous pressure 
=9cm water, and hepatic arterial pressure=120/110 mm Hg. The numbers under PI 


indicate the pressure in cm of the portal venous inflow. a 
venous outflow in ml./min. 
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Adrenaline injected into the hepatic vein. The direction of the circulation 

was reversed, the inflow being through the hepatic veins and the outflow from 

the portal vein: the artery was clamped. The inflow was decreased, the out- 

flow temporarily increased and the liver volume decreased. Sometimes the 

increase Of Outflow was followed by a decrease, especially when large amounts 
of drug were given. 


Fig. 2 Fig. 3 
Fig. 2. Cat. (1) ACh 20yg and (2) adrenaline 3g injected into the hepatic artery. The abbre- 
viations and numbers have the same significance as in Fig. 1. Diastolic arterial pressure 
varied from 110 to 124 mm Hg. 


Fig. 3. Rabbit. Noradrenaline 2g injected into hepatic artery. The arterial pressure rose from 
100 to 120 mm Hg systolic. 
Acetylcholine 

The vascular responses to ACh of the livers under study showed consider- — 
able variation not only from species to species, and from animal to animal of 
the same species, but also from time to time in the same animal. Thus, during 
the course of a perfusion the action of ACh on the artery in all species some- 
times altered from constrictor to dilator, and in one cat and one rabbit liver 


this bi occurred between two successive injections spaced at about 
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2 min. In general, however, fairly consistent results were obtained within 
each species. The amounts of ACh required to produce an effect varied from ? 
1-0 to 10mg. 


Fig. 4 Wig. 5 
Fig. 4. Monkey. Adrenaline 1 ug into the hepatic vein. Circulation reversed and artery clamped. 
HI, hepatic venous inflow; PO, portal venous outflow; LV, liver volume. 
Fig. 5. Monkey. ACh 25ug was injected into the hepatic artery (1) and portal vein (2). After 


adrenaline 254g was added to the perfusion fluid (3), ACh 25g was injected again into the 
hepatic artery (4). 


Acetylcholine injected into the hepatic artery. In cats arterial resistance was 
usually increased by ACh. The portal resistance was invariably increased ; 
the volume diminished, except on one occasion when it increased, and the 
outflow usually showed a slight increase, followed by a decrease. In monkeys | 
hepatic arterial and portal venous resistances were usually raised, the out- 
flow usually decreased and, despite the reduction in inflow, the volume was 
almost always increased. In rabbits there was usually a diminution of inflow, 
volume and outflow. In two animals, however, there was an increase of out- 
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flow and arterial flow. In all species the reaction to ACh was modified by the 
presence of circulating adrenaline and noradrenaline, arterial resistance then 
being diminished by 1-5yg of ACh, though the portal resistance was further 
increased. 


Fig. 6. Rabbit. Liver enclosed in a plethysmograph. The recorded volume changes have been 
magnified for ease of observation. Adrenaline 2yg injected into portal vein (1) and hepatic 
artery (2). ACh 5yug injected into hepatic artery (3) and portal vein (4). 


Acetylcholine injected into the portal vein. In the monkey huge amounts, 
e.g. up to 500ug, were sometimes required before an effect was seen. In all 
experiments a vastly greater amount of the drug was required to give a 
reaction after portal venous than after arterial administration. The response 
was an increase of volume, and decrease of outflow, the portal venous inflow 
being hardly affected. In the cat and rabbit the response to intra-portal ACh 
was similar to that obtained after intra-arterial injections, but the effect on 
the portal vein was greater and on the hepatic artery was less. The usual 


eflect in these two animals was an increase followed by a decrease of out- 
33-2 
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flow, and a decrease of volume, arterial pressure and portal inflow: the 
volume occasionally increased when both inflow and outflow were reduced. 

Acetylcholine injected into the hepatic vein. In the monkey ACh in large 
amounts sometimes produced an increased resistance to hepatic venous in- 
flow with a fall in liver volume. No reaction was noted in the few experi- 
ments performed on the other species. 


Fig. 7. Monkey. ACh injected into hepatic artery (1, 2 and 3) and portal vein (4 and 5). 
(1 and 3) lpg, (2) 25g, (4) 100 ug, (5) 500 pg. 


Histamine 

This drug was given in amounts of 5-25yug, but occasionally huge amounts, 
e.g. 100ug, were injected. 

Histamine injected into the hepatic artery. The response in the monkey was 
similar but less marked than that in the dog. The arterial flow either remained 
steady or increased slightly, the portal venous inflow slightly decreased, as 
did the outflow, and the volume increased. This response was obtained in 
three-quarters of the livers perfused, When the artery was constricted with 
adrenaline, histamine produced an increase of flow. 

In the rabbit a similar effect was obtained on two occasions, but a common 
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reaction was @ diminution of portal venous inflow, hepatic venous outflow 
and liver volume, arterial flow being unchanged. The artery, when constricted 
by adrenaline, was dilated by histamine. In the cat there was very little 
effect even with amounts of 100ug, except for slight arterial constrictor 
action; when the artery had been constricted with adrenaline, histamine 
produced dilatation. In one preparation, however, the outflow was reduced 
and the volume increased, the portal and arterial flows remaining unchanged 
when 10ug were injected. 

Histamine injected into the portal vein. The response in the monkey was 
similar, though less well marked than after intra-arterial injection; after the 
arterial flow had been stopped histamine still produced a rise in volume and 
fall in outflow. In the rabbit the usual effect was to decrease portal inflow 
and hepatic venous outflow, the volume decreasing, but in two preparations 
in which the arterial flow had been stopped there was a rise in volume. In 
another preparation histamine produced a rise in portal pressure and a fall 
in volume, an effect also obtained in this liver by injection of compound 
48/80. The liver of cats appeared to be very insensitive to histamine, but in one 
preparation where the arterial flow had been stopped, 10ug produced a great 
increase in volume, together with a decrease in both inflow and outflow. 
This reaction was also obtained in another preparation with compound 48/80, 
though this compound frequently was without effect. — 


DISCUSSION 


In a previous paper (Andrews et al. 1955) we described in detail the responses 
of the perfused canine liver and their interpretation. The experiments 
described in this paper were performed in order to find whether livers of 
other species perfused, using our technique, showed any fundamental differ- 
ences of reaction. Also, in view of a paper published from this department 
in 1947 (Maegraith, Andrews & Gall) we wished for further information on 
the power of constriction of the hepatic venous tree. The results were not 
obtained in great detail, but they do indicate species differences in hepatic 
vascular reactions, and they suggest that the differences between the re- 
actions of canine and marseue (and therefore possibly human) livers are 
largely a matter of degree, whilst the reactions of cat and rabbit livers may 
be considerably different in type. 

Adrenaline and noradrenaline. Our original interpretation of reactions was 
that adrenaline constricted both the hepatic artery and the portal vein, but 
that the temporarily increusea vutflow through the hepatic vein was accounted 
for by dilatation of the hepatic vein. A decrease in liver volume accorded 
with this hypothesis. We expected therefore that adrenaline introduced into 
the hepatic vein in the reverse direction would temporarily increase inflow, 
reduce outflow and raise liver volume. Instead, we have observed the same 
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Fig. 8. Monkey. Histamine 10 ug injected into hepatic artery (1 and 4) 
and into portal vein (2 and 3). 


Fig. 9. Monkey. Circulation reversed and artery clamped. Histamine injected into 
hepatic vein: (1) 5ug, (2) 10yg, (3) 25ug. (4) Noradrenaline lug injected. 
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changes in inflow, outflow and volume as occurred in the normal direction 
with a clamped hepatic artery. This has led us to suspect that our original 
interpretation of dilatation of the hepatic veins was incorrect, and that the 
increased outflow is probably due to squeezing of blood out of the liver by 
contraction of vessels. 

It appears highly probable that adrenaline constricts the hepatic artery 
and the portal vein, but it is difficult to see how contraction of hepatic 
arterial and portal venous radicles would have any effect on blood outflow 
other than causing a reduction. The sinusoids appear to be incapable of 
active contraction, but distended hepatic veins oceupy a considerable volume 
in the liver and their contraction alone may well explain the increased outflow. 

As the same flow changes are observed after reversing the circulation it is 
almost certain that adrenaline has the same action on both portal vein and 
hepatic vein. The observed changes suggest that the reaction of these two 
vessels to a given dose is of the same magnitude. Unpublished observations 
indicate that, despite popular acceptance to the contrary, the hepatic venous 
tree of monkey, cat and rabbit, as well as other mammals (including man), 
contains considerable amounts of smooth muscle. Thomas & Essex (1949) 
produce evidence of the contractile power of the hepatic vein in species other 
than the dog. 

Increased outflow from ‘squeezing’ of the liver can only be temporary, 
lasting at most a few seconds. Bauer, Dale, Poulsson & Richards (1932) have 
shown, however, that one dose of adrenaline (100ug) may increase the out- 
flow and maintain it above its original level for as long as 16 min. We have 
confirmed this finding, though we used smaller amounts of adrenaline, and 
are convinced that adrenaline can produce dilatation of the hepatic vein 
under certain circumstances in the dog. In the cat, monkey or rabbit increased 
outflow never lasted more than 20 sec and was never very great. 

We believe, therefore, that the main effect of adrenaline on the hepatic 
vessels in monkey, rabbit and cat is constrictor, and the responses which we 
have obtained may be explained on this basis. Arterial flow is readily affected 
by adrenaline and has been virtually stopped by 20ug, yet the arterial flow 
forms but a small part of the total hepatic flow. Under the conditions of our 
experiments portal venous flow is less affected than in the dog, but in one 
experiment (on a monkey) we found that 50ug adrenaline in 250 ml. per- 
fusing fluid reduced the recorded outflow from 140 to 15 ml./min, the portal 
pressure being kept constant. The hepatic vessels themselves, therefore, 
possess considerable powers of constriction, and it is possible that the tech- 
nical difficulties of working with small animals have prevented us from 
obtaining really sensitive preparations. 

Acetylcholine. The action of ACh on the hepatic circulation has not been 
extensively studied. Using a transillumination technique, Wakim (1944) 
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reported that ACh had no direct action on the liver vessels in rats. Sene- 
viratne (1949), however, reported some direct action, but he used huge i injec- 
tions of 200ug each. Bauer et al. (1932) reported dilatation of the artery in 
cats and constriction in goats. McMichael (1933) reported a constrictor effect 
of ACh on the portal vein of cats with amounts of 1-200ug. Ginsburg & 
Grayson (1954) have shown that administration of atropine abolishes hepatic 
vasodilator reflex responses, but this does not necessarily indicate that the 
only action of ACh is to dilate hepatic vessels. Deysach (1941) reported con- 
striction of hepatic ‘sluices’ in the cat with 25ug of ACh. 

Our results show considerable variation, but certain responses appear to 
be consistent. The action of ACh on the portal vein was, when present, con- 
strictor, and this response was independent of the presence of circulating 
adrenaline. The action on the artery in the presence of adrenaline was dilator. 
In monkeys ACh usually produced well-marked constriction of the hepatic 
veins. There is evidence also that the drug can produce a constriction of the 
hepatic veins of other animals. 

Histamine. In all species histamine reduced arterial resistance which had 
been raised by adrenaline. The other responses to histamine were irregular, 
though hepatic venous constriction was usually produced in monkeys, 
occasionally in rabbits, and once in cats. The majority of cats’ livers appeared 
to be markedly insensitive to histamine. 

Adrenaline and ACh are able to regulate over a wide range the blood flow 
through the livers of all species so far perfused. From the kymographic 
records it would appear that the outflow does not alter very greatly, but in 
order to measure changes of portal flow by our method it was necessary to 
allow the portal pressure to rise. When the portal pressure was kept constant 
greater changes in outflow were recorded. 

Under the conditions of our experiments it appeared that the reactions of 
the hepatic vessels of the cat and rabbit were very similar, although the 
rabbit proved more sensitive to both ACh and histamine. The hepatic vessels 
of the monkey differed in that the hepatic venous tree was far more sensitive 
to both ACh and histamine. The hepatic venous tree of the dog appeared to 
be far more physiologically active than that of the other species so far examined, 


but there is a definite similarity in the reactions of the mae vessels of 
dogs and monkeys. 


SUMMARY 


1. In perfused livers adrenaline and noradrenaline produced constriction 
of the hepatic artery, the portal vein and hepatic vein in monkey, cat and 
rabbit. 

2. Acetylcholine produced constriction of the portal vein in rabbits and 
cats; in these animals some constriction of the hepatic veins apparently 
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occurred, but was not marked. In the monkey hepatic venous constriction, 
leading to an increase of volume, usually occurred. In all species the action 
on the artery varied, but in the presence of circulating adrenaline acetyl- 
choline produced arterial dilatation. 

3. Histamine produced hepatic venous constriction in most monkeys, 
occasionally in rabbits and once in a cat. The action on other vessels varied 
but, in the presence of circulating adrenaline, histamine anere a 
arterial dilatation. | 


The expenses of this work were largely defrayed by the John Holt Malarial Research Fund. 
The heparin (Pularin) was kindly provided by Messrs Evans Medical Supplies. We are indebted 
to Miss D. Shillington for skilled technical assistance. 
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Perfusion of the isolated canine liver has been used to study hepatic blood 
vessels; but this is not an easy procedure, and the majority of workers describe 
the onset of congestion about 20 min after the perfusion has started (Bauer, 
Dale, Poulsson & Richards, 1932; Chakravarti & Tripod, 1940; Lundsgaard, 
Nielsen & Orshov, 1936; McMichael, 1932). Although it was found possible 
by Andrews, Hecker, Maegraith & Ritchie (1955) to perfuse canine livers for 
hours without the onset of congestion, it appeared desirable to measure 
oxygen utilization as a possible indication of the physiological state of the 
liver. Oxygen utilization was therefore studied in perfused livers with and 


without the addition of various drugs. 


METHODS 

Canine livers were perfused by the method of Andrews (1953). Oxygen determinations were done 
on thirty-three preparations. Eight of these were perfused with blood from donor animals, and 
each of the remaining twenty-five with blood taken from the same animal at the time of the 
perfusion. The oxygen utilization was approximately the same for both groups, and they are 
therefore considered together. The livers perfused with donor blood regularly became congested, 
and experiments on them were usually discontinued after 1}-2 hr. Those perfused with blood from 
the same animal often remained in good condition for 3—4 hr. 

Drugs were administered by injection into the hepatic artery cannula. Samples of blood for 
oxygen determination were taken from the portal vein (the hepatic artery had the same oxygen 
content) and from the hepatic vein. When the effect of a drug was being studied a sample of both 
inflowing and outflowing blood was obtained; immediately afterwards the drug was injected, and 
as soon as the effect of the drug was marked (usually 60 sec after the injection) a second sample of 
outflowing blood was taken. It was shown by experiment that the oxygen content of inflowing 
blood remained virtually constant during this period. 


Measurements of outflow were made using a modified Gaddum outflow recorder (Andrews, 1952) ; 
with careful calibration this recorder has an accuracy of 95%. 


* Present address: Department of Pharmacology, St Mary’s Hospital Medical School, London. 


é 
» 
an 
| 


OXYGEN USAGE OF THE LIVER 523 


Blood oxygen determinations were made by the method of Roughton & Scholander (1943) in 
specially prepared syringes. Samples of blood were taken into sterile, all-glass syringes lubricated 
with neutralized mineral oil (van Slyke, Weisiger & van Slyke, 1949) which was left in the dead 
space. A bead of mercury was drawn in to facilitate mixing of the blood. After a sample had been 
taken the needle was replaced by a sealed needle butt, and samples which could not be analysed 
immediately were stored upright in ice. Repeated tests showed no detectable changes in oxygen 
content during the period of storage. 

Oxygen utilizations were recorded as yl. O, used/g dried weight tissue/hr. For convenience the 
oxygen utilization was referred to as a Qo» and the negative sign was omitted. The blood supplied 
to the liver was brought, by means of a Hooker oxygenator, into approximate equilibrium with a 
gas mixture of 95% O,, 5% CO,. In a few experiments (not of this series), it was shown that the 
pH of the perfusing blood remained virtually unchanged throughout, but CO, determinations 
were not attempted. 

In the anaphylaxis experiment the dog was sensitized by intravenous injection of 5 ml. horse 
serum on 3 successive days 3 weeks before the experiment. The ‘trigger dose’ was 10 ml. of the 
serum added to the perfusion fluid. 

RESULTS 

In a few preliminary experiments it was found that shortly after starting a 
perfusion oxygen usage tended to be high, but after 20 min or less a steady state 
was achieved. High values were noted, especially when there had been some 
delay in the operative procedure: a Qo, of 18-6, for example, was present 
12 min after the start of a perfusion in which the dog died shortly before the 
operation was completed: this result is not included in the figures. It was 
thought that the high values found early were due to some degree of hepatic 
anoxia occurring during the operative procedure. As routine, therefore, blood 
samples were not taken until after a ‘settling down’ period of 15-20 min. 
Once the rate of oxygen usage was steady it usually remained so for a period 
of 14-24 hr or longer, even after administration of various } drugs including 
bromosulphthalein. 

The appearance of slight congestion within the liver did not immediately 
affect the Qo,, but when the congestion had persisted for 30 min, or if it became 
marked, the Qo, fell. Fig. 1 shows the average Qo, of livers which appeared to 
be in a physiological state and not under the influence of drugs. The figures 
may show some bias in selection, for the physiological state was judged by 
macroscopic appearance (absence of congestion) and reactions to adrenaline 
(Andrews & Maegraith, 1951). 

The results of all Qo, determinations are given in Fig. 2: a few results such 
as those on abnormally fatty livers, or when the operative procedure was at 
fault, are excluded. Included are results obtained after: (1) stopping either 
the portal venous or hepatic arterial supply; (2) administration of drugs, and 
(3) varying the rate of blood flow by changes in perfusion pressure. 


Effects of varying blood flow i 
Experiments on the effect of the blood flow on the Qo, were performed early 
in this series and, owing to perfusion with donor blood, constriction of the 
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hepatic vein, and therefore congestion, came on relatively soon after starting 
a perfusion. The constriction affected portal venous flow to a far greater 
extent than arterial. In four out of five livers studied the Qo, was not related 
to blood flow rate. Protocols of two experiments are shown below. In each 
case the time interval between the first and third estimations was about 
40 min. Except where indicated, the reduction of flow rate was due to 
development of hepatic venous constriction. 


Outflow 
Dog 122 200 
140 4-5 
65 4-6 
Dog 136 156 4-9 
77* 5-0 
88 47 


* The flow was reduced by means of a screw clamp. 


10+ 
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\ 
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Fig. 1 Fig. 2 


Fig. 1. Oxygen utilization by normal livers not under the influence of drugs. Thirty livers. The 
average utilization is given for each liver. Figures refer to uml./g dried weight tissue/hr. 

Fig. 2. Oxygen utilization by the liver: distribution of 115 determinations made on thirty-three 
livers. Figures refer to uml./g dried weight tissue/hr. 


Effect of perfusing through either artery or portal vein 

The Qo, was measured when one vessel only was supplying the liver, the 
other being clamped. The first vessel was then released and the second vessel 
clamped. After adjusting the pressure to give the same rate of blood flow, the 
Qo, Was again measured. In selecting the rate of flow to be used a compromise 
was made between the hepatic arterial and portal venous rates of flow. In 
general this necessitated increasing the arterial flow by about 1} times, and 
reducing the portal venous flow to }#. Thus in the first experiment the total 
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flow was 175 ml./min. Separately the flow rates used were for the artery, 
90 ml./min, and portal vein 90 ml./min. This order of artificial change in the 
flow rates was maintained in the seven preparations in which estimations were 
performed. 

The figures obtained were: 


Hepatic artery Qo, mean=5-3 =2-3, 
Portal vein mean=4-5 8.5. =2:3. 


The differences between the two means is not, in this small series, significant. 


Effect of administration of drugs 

In the experiments on anaphylaxis and after tubocurarine the blood flow 
was constant for several minutes before the blood samples were taken, and in 
those using histamine the flow was rising slowly as the effects of the drug were 
wearing off. Where adrenaline and acetylcholine were used the blood flow 
changes were more marked, but blood samples were taken after the maximal 
vascular effect had been reached, and the change of oxygen usage was related 
to the drug given and not to the blood flow rate. Thus in one preparation 
adrenaline reduced the blood flow rate from 122 to 112 ml./min, and. the Qo, 
rose by 1-0. Nine minutes later the ‘resting’ flow rate had risen to. 134 ml./ 
min. ACh now reduced the blood flow rate to 113 ml./min and the Qo, fell by 
1-0. In this experiment both drugs appeared to constrict the hepatic vein. 


0 20 © 6 8 100 120 140 160 180 200% 


Fig. 3. Effect of various drugs on oxygen utilization. The effect is expressed as a change of the 
‘basic’ Qo,, here shown as 100%. Each rectangle represents one experiment. Blank = 
adrenaline, © =acetylcholine, A = histamine, ()=tubocurarine, @ = anaphylaxis. 


Acetylcholine and adrenaline. In general ACh (5ug) depressed the Qo, , whilst 
adrenaline (25g) raised it. Owing to considerable variation in the ‘basic’ 
Qo, of different livers the results are most conveniently shown as a percentage 
change of the ‘basic’ value (Fig. 3). 

Histamine and histamine liberators. Again the results are shown as a percen- 
tage change (Fig. 3). In the one serum anaphylaxis experiment the oxygen 
usage fell markedly, and the oxygen content of the hepatic venous blood rose: 
the liver itself became very dark and congested, and stream-lines of brighter- 
red blood were seen in the outflow cannula. Although blood-oxygen determina- 
tions were not performed in other experiments on anaphylaxis, the same 


macroscopic changes were regularly seen. 
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DISCUSSION 

Estimations of oxygen utilization by the dog’s liver do not appear to have 
been performed during perfusion experiments in which the liver was relatively 
normal. Measurements have been made on liver slices (Krebs, 1950), but the 
Qo, is dependent upon the medium in which the slice is placed. Measurements 
have been made on livers of cats, left in situ (Barcroft & Shore, 1912; 
McMichael, 1937): accurate measurements of blood flow are difficult, and it is 
not easy to obtain properly mixed hepatic venous blood. Results obtained on 
perfused livers are free from these objections, though they cannot be regarded 
as physiological; possibly they give a good indication of the values which 
might be encountered in the resting state in the intact, anaesthetized animal. 

Adrenaline has been shown to raise the metabolic rate of intact organisms 
and of mixed tissues. A depressant effect of ACh has not, apparently, been 
shown before, and it seems possible that part of the metabolic effect of these 
two drugs in this series of experiments may have been due to alteration of the 
vascular bed supplied. The determinations made on changing flow rates in 
experiments on adrenaline and ACh appear to be valid. It has been shown that 
the important factor appeared to be the drug given, and not the effect of the 
flow rate. Even if storage did occur it was of a slight order only, since Evans 
blue (T-1824) injected into either the hepatic artery or portal vein appeared 
in the hepatic vein within 5 sec or less. Constriction of the hepatic vein, with 
an increase in volume, occurred in all cases when ACh was administered, and 
blood samples were taken just after the vein began to relax. Under these 
conditions an apparent increase in Q,, might be expected, but in five out of six 
cases the Qp, fell. If storage did indeed affect the results it is possible that the 
sixth preparation, too, should have shown a reduction in Qo,. The existence 
of hepatic shunts, opened by ACh, does not refute the conclusion that ACh 
diminished the oxygen usage of the liver since the total oxygen used per unit 
time was estimated. | 

The constant Q,, under varying portal flows suggests that the same 
vascular paths were being perfused, and that no new territories were being 
opened at higher flows. Although various authors (Wakim & Mann, 1942: 
Knisely, Bloch & Warner, 1948) believe that the liver circulation is continually 


in a state of flux, Dobson & Jones (1952) found that the same vascular paths — 


were often perfused for hours. The failure of increased portal flow to raise oxy- 
gen usage can be interpreted to show that under the conditions of the perfusion 
the whole of the parenchyma was receiving an adequate blood supply. 

It is not possible to determine from our results what is the ‘normal’ Qo, for 
the canine liver. On the basis of our experiments, however, it would seem as 
though there is a fairly wide normal range. This is found to be the case even 
when the operative procedure was performed with the same facility and speed. 
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Although fat estimations were not done, it would seem from the appearance 
of the liver and the relation of wet to dry weight that the amount of fat present 
influenced the Qo, considerably. 

In previous communications evidence has been brought forward in favour 
of the existence of hepatic arterial-hepatic venous shunts (Andrews & Mae- 
graith, 1951, 1953; Andrews et al. 1955). The results of the experiment on 
anaphylaxis can hardly be interpreted in any way other than in favour of an 
intra-hepatic vascular shunt, and in the dog at least the degree of oxygenation 
of hepatic venous blood does not necessarily give any indication whatsoever 
of the state of oxygenation of the parenchyma itself. 


SUMMARY 


1. Measurements of oxygen utilization by perfused canine livers have been 
made. 

2. Adrenaline increased and both acetylcholine and histamine decreased 
the utilization. 

3. In anaphylaxis the liver became very dark and congested, whilst the 
oxygen content of hepatic venous blood rose. 

4. Oxygen utilization was unaffected by variations in portal venous flow, 
provided the oxygen supply to the liver was adequate. 


The expenses of this work were largely defrayed by the Holt Malaria Research Fund. Some of 
the earlier oxygen determinations were kindly performed by Dr E. Sherwood Jones. 
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MODIFICATION OF TRANSMISSION THROUGH THE SUPERIOR 
CERVICAL GANGLION OF THE CAT 


By U. TRENDELENBURG 
_ From the Department of Pharmacology, University of Oxford 
(Received 5 December 1955) 


It was recently observed that an intra-arterial injection of histamine, 
pilocarpine or 5-hydroxytryptamine (5-HT) close to the superior cervical 
ganglion caused both a stimulation of the ganglion and a potentiation of the 
response to submaximal preganglionic stimulation (Trendelenburg, 1954, 1955, 
1956). These observations differed from those of Feldberg & Vartiainen (1935), 
who found that the injection of histamine into the perfused superior cervical 
ganglion failed to stimulate the ganglion. Konzett (1952), on the other hand, 
observed that histamine had occasionally a stimulating effect and regularly 
increased the sensitivity of the perfused ganglion to injected acetylcholine, 
nicotine, choline and potassium chloride. The present investigation was under- 
taken in order to compare the actions of histamine, pilocarpine and 5-HT on 
the perfused preparation and also to obtain some explanation for the failure 
of histamine to stimulate the ganglion cells in the perfused preparation. As 
the ganglionic actions of histamine, pilocarpine and 5-HT seemed to differ 
from those of acetylcholine or nicotine, they were compared with two stable 
nicotine-like substances, carbaminoylcholine and choline. 

Small amounts of adrenaline were found by Biilbring (1944) to potentiate 
both transmission through the perfused ganglion and the response of the 
ganglion to acetylcholine, while larger amounts of adrenaline caused depression. 
Since some workers have been unable to confirm the potentiating action of 
adrenaline, further observations have been made with it also. 


METHODS 


Cats of 2-4 kg of both sexes were used. After inducing anaesthesia with ether, 80 mg/kg chloralose 
was injected intravenously. The superior cervical ganglion was perfused with Locke’s or Tyrode 
solution according to the method of Kibjakow (1933) as modified by Perry (1953). Injections were 
made through a needle which was tied into the cannula, so that the tip of the needle was level with 

the tip of the cannula. 
In some experiments the normal blood circulation of the ganglion was maintained and intra- 
arterial injections were made through the central end of the lingual artery into the common 
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carotid artery, while the external carotid artery was occluded. The injected substance was thus 
diverted towards the superior cervical ganglion. 

The contractions of the nictitating membranes were recorded by attaching them to isotonic 
levers fitted with a frontal writing point. The magnification was 7-5 times. The cervical sympa- 
thetic chain was divided, and when stimulated electrically, the peripheral end was placed on shielded 
electrodes and covered with warm liquid paraffin. Electrical stimuli of 0-7 msec duration were 
applied at a frequency of either 2—4/sec or 15/sec. 

All substances injected intra-arterially, either into the perfusion fluid or into the blood supplying 
the ganglion, were neutralized, and fresh dilutions of adrenaline and noradrenaline were made for 
every injection. The injected volume never exceeded 0-2 ml. The following substances were used : 
histamine dihydrochloride, pilocarpine nitrate, 5-hydroxytryptamine creatinine sulphate, choline 
chloride, carbaminoylcholine chloride, acetylcholine bromide and nicotine hydrogen tartrate. All 
doses given are those of the salts, except those of adrenaline hydrochloride and noradrenaline 
bitartrate which are expressed in terms of the free base of the t-form. 


Fig. 1. Cat under chloralose. Perfused Superior cervical ganglion. Contractions of the nictitating 
membrane to submaximal preganglionic stimulation applied intermittently for 5 sec twice/min 
in (a), (b) and (e), and continuously in (c) and (d). The rate of stimulation was 15/sec. Record 
(e) from a different, more sensitive preparation. Injections of histamine into the perfusion 
fluid: in (a) and (c) 1 wg, in (b) and (d) 10 yg, in (e) 20 pg. 


RESULTS 
Experiments on the perfused superior cervical ganglion 
Modification of ganglionic responses by histamine, pilocarpine and 5-hydroxy- 
tryptamine (5-HT) 

The injection of histamine, pilocarpine or 5-HT stimulated the ganglion 
cells in about 25% of the preparations. This figure agrees with Konzett’s 
observation (1952) that histamine had a stimulating action in four out of 
twenty-one perfused preparations. 

Potentiation of the response to submaximal preganglionic stimulation. Fig. | 
shows the effects of various doses of histamine on the contractions of the 
nictitating membrane produced by submaximal stimulation of the pre- 
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ganglionic fibres for periods of 5 sec. When 1g histamine was injected into 
the perfusion fluid, the responses of the ganglion remained unchanged, as 
shown in Fig. 1a. The injection of 10 ug histamine potentiated the response to 
submaximal stimulation by about 30% (Fig. 1b). The same effect was seen 
with sustained contractions of the nictitating membrane obtained by sub- 
maximal preganglionic stimulation continuously applied. The injection of 1 yg 
histamine had no effect (Fig. 1c), but the injection of 10g caused a further 
contraction (Fig. 1d) comparable to the potentiation of the response to inter- 
mittent preganglionic stimulation in Fig. 15, 


210 


Fig. 2. Dose-response curve for the potentiation of the response of the ganglion to submaxima 
preganglionic stimulation by 5-HT (@) and by histamine ( x ). Broken lines from experiments 
on perfused ganglia, solid lines from experiments on ganglia with their blood circulation intact. 


The potentiation produced by histamine on the perfused ganglion was 
usually much smaller than that previously observed on the ganglion with its 
normal blood supply (Trendelenburg, 1955). Only occasionally did histamine 
cause the same strong potentiation in the perfused ganglion as seen in the 
ganglion with its blood circulation intact. Such a result is illustrated in the 
experiment of Fig. le in which 20g histamine caused a strong potentiation 
lasting for 7 min. 

In order to illustrate the difference between the potentiating effect of 
histamine on the perfused ganglion and on the ganglion with its blood supply 
intact the mean potentiation of the response to submaximal preganglionic 
stimulation was calculated as percentage of the initial contraction of the 
nictitating membrane and plotted in Fig. 2 against the dose. The results 
show that in the perfused ganglion (broken line) histamine caused a — 
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potentiation than in the ganglion with its normal blood supply (solid line) 
and, in addition, that the threshold dose of histamine was higher. 

Pilocarpine and 5-HT had the same potentiating action on the perfused 
ganglion as histamine. The threshold dose of pilocarpine was lower than that 
of histamine; 50% of the preparations responded to 01g pilocarpine. 
5-HT was even more active; the injection of 0-1 ug 5-HT caused potentiation 
of the response to preganglionic stimulation in 80% of the preparations. As 
with histamine, the perfused ganglion was less sensitive to the action of 5-HT 
than the ganglion with its natural circulation intact. This is illustrated in 
Fig. 2. 

In order to obtain, on repeated injections, the potentiating effect with either 

histamine, pilocarpine or 5-HT, the interval between the injections had to be 
sufficiently long, otherwise they became ineffective. With small doses the 
interval between the injections had to be 5 to 10 min in order to obtain 
responses, with larger doses intervals of 20 min or more were required. 
_ The rate of preganglionic stimulation did not affect the threshold dose of 
histamine, pilocarpine or 5-HT but influenced the magnitude of potentiation. 
The potentiation was smaller when stimulation was applied at a rate of 2—4/sec 
than at a rate of 15/sec. This difference may be explained by the following 
observations: (a) the contraction of the nictitating membrane caused by 
supramaximal preganglionic stimulation at a rate of 2—4/sec was smaller than 
that obtained with supramaximal stimulation at the higher rate; (b) during 
a period of maximal potentiation by histamine, pilocarpine or 5-HT the 
contractions of the nictitating membrane caused by submaximal preganglionic 
stimulation never exceeded the response of the membrane to supramaximal 
stimulation at the same rate. There was thus a smaller margin left for potentia- 
tion when the rate was 2—4/sec than when it was 15/sec. 

Potentiation of the response to chemical stimulation. Konzett (1952) found 
that histamine potentiated the response of the perfused superior cervical 
ganglion to acetylcholine. This was confirmed, and it was found that both 
5-HT and pilocarpine shared this action. Fig. 3 is from an experiment in 
which 10yg acetylcholine was injected into the perfusion fluid at 3 min 
intervals, the last of a series of identical responses being shown in Fig. 3a. 
One minute after the injection of 1 zg 5-HT the response to acetylcholine was 
greatly potentiated ; with subsequent injections of acetylcholine the responses 
returned slowly to the initial height. In the experiment of Fig. 4 the potentia- 
tion of the responses to acetylcholine by 1, 10 and 100g pilocarpine are 
shown. The effect increased with increasing dose, and the injection of 100 yg 
pilocarpine had, in addition, a weak stimulating action of its own, as shown 
by a small contraction of the nictitating membrane (Fig. 4c). 

The responses of the ganglion to nicotine and to carbaminoylcholine were 
similarly affected. Fig. 5 demonstrates the potentiating effect of 10 ug pilo- 
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carpine, 20ug histamine and 20ug 5-HT on the responses of the perfused 
ganglion to 15g nicotine; and Fig. 6 shows the potentiation of the response 
of the ganglion to 5 ug carbaminoylcholine by an injection of 10 ug pilocarpine. 


Fig. 3. Cat under chloralose. Perfused superior cervical ganglion. Contractions of the nictitating 
membrane to 10 ug acetylcholine (A) injected every 3rd min, (a) before and (6) after an injec- 
tion of lyg 5-HT. Time marker 30sec. The drum was stopped between injections of 
acetylcholine. 


o 


Fiy. 4. Cat under chloralose. Perfused superior cervical ganglion. Contractions of nictitating 
membrane to 5yug acetylcholine injected every 3rd min. Injections of pilocarpine at arrow; 
1 and 10 ug were given 1 min, and 100 pg 90 sec before the acetylcholine. Time marker 30 sec. 
The drum was stopped between injections of acetylcholine. 


Choline is another ganglion-stimulating substance with nicotine-like actions 
(Feldberg & Vartiainen, 1935). The response of the ganglion to this substance 
was potentiated by 10ug pilocarpine or 5-HT. Konzett (1952) has shown that 
histamine has a similar effect. When choline was given in subthreshold 
amounts, it became active and caused a small contraction of the nictitating 
membrane after an injection of 10g pilocarpine or 5-HT. 
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The ganglion stimulating action of potassium chloride is of a different type 
from that of the other ganglion-stimulating substances used. Nevertheless, it 
was also potentiated by previous injections of 10ug of either histamine, 
pilocarpine or 5-HT. Fig. 7 illustrates this potentiating effect of pilocarpine 


and 5-HT 
Fig. 6 


Fig. 5 Fig. 7 


Fig. 5. Cat under chloralose. Perfused superior cervical ganglion. Contractions of nictitating 

membrane to 15g nicotine (N) injected every 10th min, in (a) before, in (b) 2 min, and in 

-(c) 12 min after the injection of 10 yg pilocarpine (upper trace), 20 ug histamine (middle trace) 
and 20 ug 5-HT (lower trace). 


Fig. 6. Cat under chloralose. Perfused superior cervical ganglion. Contractions of nictitating 
membrane to 5 ug carbaminoylcholine injected every 8th min (©), in (a) before, in (b) and (¢) 
1 min after the injection of 10 yg pilocarpine (P) and of 100 yg choline (Ch). Time marker 
30 sec. 


Fig. 7. Cat under chloralose. Perfused superior cervical ganglion. Contractions of nictitating 
membrane to 0-25 mg KCl (©) (upper trace) and to 0-5 mg KCl (lower trace) injected every 
10th min. In (6) 10g pilocarpine (upper trace) and 20 ug 5-HT (lower trace) injected at 
arrow 1 min before KCl. 


T 


In some of the experiments the venous outflow from the perfused ganglion 
was recorded by means of a Gaddum drop-timer. Histamine, pilocarpine and 
5-HT in doses of 10g and more sometimes reduced the outflow, but smaller 
amounts failed to do so even when clearly exerting their potentiating effect. 
Vasoconstriction was thus not responsible for the potentiation. Further 
evidence for this view was obtained by the observation that lowering the 
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perfusion pressure and thus decreasing the flow through the ganglion did not 


increase the height of a response of the ganglion to acetylcholine or nicotine, 
although it increased the duration of the response. 


Modification of ganglionic responses by carbaminoylcholine and choline 
Modification of the response to submaximal preganglionic stimulation. The 
injection of 1 yg carbaminoylcholine into the perfusion fluid always potentiated 
the response of the ganglion to submaximal preganglionic stimulation, as 
shown in Fig. 8a. The injection of 10ug carbaminoylcholine, which had 
regularly a stimulating effect on the ganglion cells, caused both potentiation 
and depression of synaptic transmission. When the stimulating action was 


Fig. 8. Cat under chloralose. Perfused superior cervical ganglion. Contractions of nictitating 
membrane to submaximal preganglionic stimulation applied intermittently for 5 sec twice 
per min at a rate of 15/sec. Injection of 1 yg (at a) and of 10 ug (at 5) of carbaminoylcholine 
and of 100 ug choline in (c). 


small, the injection led to a short-lasting potentiation followed by depression, 
as shown in Fig. 8b. When the stimulating effect was strong, the subsequent 
responses to submaximal preganglionic stimulation were depressed, and this 
depression was sometimes followed by a phase of potentiation. 

The potentiation produced by 10yug carbaminoylcholine was the same as 
that produced by lug. For instance, the mean potentiation produced in six 
preparations by 10ug carbaminoylcholine was 52%, whereas that produced 
by lug was 59%. 

Choline had only a feeble potentiating action or none at all. Its main effect 
was depression of synaptic transmission. The injection of 10g hardly affected 
the response to submaximal preganglionic stimulation, but 100 ug invariably 
caused depression lasting up to 20 min. This depression was sometimes pre- 
ceded by a transient and very slight potentiation (Fig. 8c). Depression of 
transmission was also pronounced when the injection of choline failed to 
stimulate the ganglion. 

Modification of the response to chemical stimulation. The stimulation of the 
ganglion by acetylcholine, nicotine, choline or potassium chloride was usually 
potentiated when these substances were injected 1 min after 1 1g carbaminoyl- 
choline and depressed when injected 1 min after 104g carbaminoylcholine. 
The inhibition was of short duration. 
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The stimulating action of acetylcholine, nicotine, and carbaminoylcholine 
and of potassium chloride was depressed by a preceding injection of 100 ug 
choline even when the injection of choline had no stimulating action of its 
own. The depression lasted up to 20 min. Fig. 6¢ shows an experiment in 
which the injection of 100g choline did not stimulate the ganglion and 
yet abolished the response to the following injection of 5ug carbaminoy]l- 
choline. 


Modification of ganglionic responses by adrenaline and noradrenaline 

The observation of Biilbring (1944) that small amounts of adrenaline 
potentiate and large amounts depress the response of the ganglion to sub- 
maximal preganglionic stimulation was confirmed. It was found that the 
potentiating effect of 0-001-0-1yug adrenaline appeared more regularly and 
was stronger, when stimulation of the preganglionic fibres was applied at a 
rate of 2—-4/sec than at a rate of 15/sec. At the low rate of stimulation potentia- 
tion was obtained in eleven out of fifteen preparations and amounted to an 


Fig. 9. Cat under chloralose. Perfused superior cervical ganglion. Contractions of nictitating 
membrane to preganglionic stimulation applied intermittently for 5 sec twice per min at 
a rate of 2/sec. Supra-maximal stimulation in (a) and submaximal stimulation in (6) and (c). 
Injection of 0-05 wg adrenaline (A) and of 0-05 ug noradrenaline (N) into the perfusion fluid. 


nerease of the response by 20-50%. Doses larger than 0-lyug adrenaline 
caused depression of synaptic transmission. With doses between 0-01 and 0-1 yg 
the effect varied in different preparations, potentiation as well as depression 
of transmission being observed. Sometimes biphasic effects were obtained 
with these doses; depression was then either preceded or followed by potentia- 
tion (Fig. 95). 

Noradrenaline affected ganglionic transmission like adrenaline, but the 
potentiating as well as the depressing effects were less pronounced. Potentia- 
tion of the response to submaximal preganglionic stimulation at a rate of 
2-4/sec was observed in seven out of nine preparations with injections of 
0-005-0-1 »g noradrenaline. The potentiation was frequently followed by some 
inhibition. Inhibition was the sole effect after injections of more than 0-1 yg 
noradrenaline into the perfusion fluid. 
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Experiments on the superior cervical ganglion with its normal blood circulation 

In the perfusion experiments it was found that the potentiating effect of 
histamine was not obtamed with a second injection of histamine when the 
time interval between the injections was short. Furthermore, the potentiating 
effect of pilocarpine and 5-HT was also absent when these substances were 
injected shortly after histamine. Similar observations were made on the 
ganglion with its blood supply intact. As it was known from earlier experi- 
ments (Trendelenburg, 1955, 1956) that the ganglion was maximally sensitive 
to submaximal preganglionic stimulation during the first 2 min after an injec- 
tion of 10-100yug histamine, pilocarpine or 5-HT, this period was chosen to 
test the ganglionic response to a second injection of either of these substances. 


Fig. 10. Cat under chloralose. Superior cervical ganglion with its normal blood supply intact. 
Contractions of the nictitating membrane to intra-arterial injections. The injection of 20 ug 
histamine (H) was preceded in (5) by injection of 40 ng 5-HT, and in (d) and (f) by injection 
of 20 and 100 yg pilocarpine. In (e) the injection of histamine was followed by that of 100 ng 
pilocarpine, Time marker 30 sec. Time intervals between records (a) to (e) 20 min each, and 
between (¢) and (f) 30 min. 


Fig. 10 illustrates such an experiment. The response of the ganglion to the 
intra-arterial injection of 20ug histamine was not only not potentiated but, 
in fact, reduced when injected 1 min after 40,.g 5-HT (Fig. 10), or 1 min after 
20 ng pilocarpine (Fig. 10d), although the injections of 5-HT and pilocarpine 
had little or no stimulating action in this preparation. With a larger dose of 
pilocarpine (100g), which had a stimulating action of its own, the response 
to histamine was even further reduced (Fig. 10/). Histamine, on the other hand, 
reduced the response of the ganglion to the injection of 100g pilocarpine, as 
shown by a comparison of the effects of pilocarpine in Fig. 10¢ and /,. 

The six combinations of two of the three substances were tested, and it was 
found that they depressed or blocked each other. 


DISCUSSION 
The present experiments show that ganglionic transmission may be potentiated 
or depressed by a variety of chemically unrelated substances which can easily 
be divided into three groups: the nicotine-like substances like choline, choline 
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esters and nicotine, thesympathomimetic amines adrenaline and noradrenaline, 
and a third group of substances, namely, histamine, 5-hydroxytryptamine 
(5-HT), and pilocarpine. They all can potentiate the sympathetic synaptic 
transmission; depression, however, was obtained only with substances of the 
first two groups. 

With choline and carbaminoylcholine, which are substances acting like 
nicotine, the depression of the ganglionic response to preganglionic or chemical 
stimulation was more pronounced than potentiation. In fact, with choline 
potentiation was rarely seen and was then only very small. The depression 
could be due either to a block of the ganglion cells by depolarization or to 
competitive inhibition of the acetylcholine receptors. As far as choline is 
concerned the depression seemed to be due to competition for the receptors, 
since it was observed after small amounts of choline which did not themselves 
stimulate the ganglion. 

With the sympathomimetic amines adrenaline and noradrenaline both 
‘ potentiation and depression were obtained. These results thus confirm those 
of Bilbring & Burn (1942), Biilbring (1944) and the more recent work of 
Malméjac (1955) in which the effects of adrenaline were examined in perfused 
sympathetic ganglia. It is not surprising that some authors (Kewitz & Reinert, 
1952, 1954; Paton & Thompson, 1953), who used relatively large doses of 
adrenaline, failed to observe its potentiating effect on ganglionic transmission 
and obtained the depressing effect only. This argument cannot be applied to 
the results obtained by Marrazzi (1939) and by Lundberg (1952). These 
authors found only a depressing effect of adrenaline, but their experiments 
were performed on the superior cervical ganglion with its normal blood circula- 
tion intact. It is possible that under these conditions the potentiating effect 
of adrenaline is less pronounced. The conclusion of Marrazzi & Marrazzi (1947) 
that potentiation of ganglionic transmission by adrenaline occurred only after 
inhibition, and was due to vascular changes, is not borne out by the present 
results. 

As far as the effect of noradrenaline on sympathetic ganglia is concerned, 
the only previous experiments are those of Konzett (1950) and of Malméjac 
(1955). Konzett showed that noradrenaline cou! potentiate and depress the 
response of the perfused superior cervical gangli«\: :) acetylcholine. The effect 
on the response to preganglionic stimulation was not examined. This has been 
done by Malméjac for the coeliac ganglion in which noradrenaline was found 
to potentiate ganglionic trarismission. The present experiments are in agree- 
ment with these results and show that noradrenaline shares with adrenaline 
the potentiating and depressing action on the response of the perfused ganglion 
to submaximal preganglionic stimulation. 

_ From the results obtained by Giotti (1954) on isolated auricles of the guinea- 
pig, it appears that the effect of these sympathomimetic amines is not 
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confined to sympathetic ganglia, but occurs in parasympathetic ganglia as well. 
On this préparation nicotine exerts an inhibitory action, probably due to — 
stimulation of parasympathetic ganglia, which becomes weaker and finally 
disappears in prolonged experiments, but can then be restored by adrenaline 
in amounts which have no action of their own. 

The effects on the perfused ganglion of histamine, 5-HT and pilocarpine on 
the response to preganglionic and to chemical stimulation differed from those 
of the substances acting like nicotine, and those of the sympathomimetic 
amines in that they only potentiated but did not depress the ganglionic 
response, not even when they caused a contraction of their own. Furthermore, 
the sympathomimetic amines lacked the direct ganglion-stimulating action 
produced by histamine, 5-HT and pilocarpine. 

The minimal dose of histamine and 5-HT necessary to potentiate trans- 
mission of submaximal preganglionic impulses showed that the perfused 
ganglion was less sensitive than the ganglion with a normal blood circulation; 
10 to 100 times more histamine or 5-HT was required to obtain the same degree 
of potentiation. This difference may explain why histamine, pilocarpine and 
5-HT caused stimulation in only 25% of the perfused preparations, while 
they stimulated the ganglion cells with normal blood supply in 80%. 

The fact that the three substances have, although not regularly, a stimu- 
lating action on the perfused ganglion suggests that the potentiating effect on 
the response to preganglionic or chemical stimulation is also a direct action 
on the ganglion cells, most probably a lowering of the threshold to excitation. 
In this respect they resemble carbaminoylcholine which also stimulates the 
ganglion and in subthreshold amounts potentiates the response to pre- 
ganglionic and chemical stimulation. 

However, further evidence for the view that histamine, pilocarpine and 
5-HT differ from substances with an action like nicotine was obtained by the 
following observation. The effect of a second injection of any of the three 
substances was depressed when injected shortly after a preceding injection. 
Similarly, the injection of one of these substances depressed the effect of a 
subsequent injection of another. This depression was observed in the perfused 
ganglion, but was most readily demonstrated in the ganglion with normal 
blood circulation. Earlier experiments (Trendelenburg, 1955, 1956) had shown 
that even large amounts of histamine, pilocarpine, or 5-HT failed to produce 
a nicotine-like paralysis; on the contrary, the intra-arterial injection of large 
amounts (100g) caused both pronounced stimulation of the ganglion and 
long-lasting potentiation of the response to submaximal preganglionic stimula- 
tion, the maximal effect being observed for about 2 min. If histamine, pilo- 
carpine or 5-HT was injected 1-2 min after the injection of another of the 
three substances (i.e. at a moment of greatest sensitivity to submaximal 

preganglionic stimulation) the response was not only not potentiated but 
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actually diminished. It is therefore concluded that histamine, 5-HT and 
pilocarpine attach themselves to receptors of the ganglion cells which are 
different from the acetylcholine receptors. Earlier ubservations had provided 
some evidence for this view, since (a) the stimulation of the superior cervical 
ganglion by histamine, pilocarpine and 5-HT was not blocked by hexa- 
methonium (Trendelenburg, 1954, 1956); (b) the stimulation of the ganglion 
by these three substances was blocked by an amount of cocaine which did not 
affect ganglionic transmission; (c) large amounts of 5-HT prevented the 
response of the guinea-pig ileum to a subsequent smaller dose of 5-HT or 
tryptamine without interfering with the action of acetylcholine (Gaddum, 
1953). This observation in fact led Gaddum to postulate the presence of 
‘tryptamine receptors’ in both smooth muscle and ganglia. 

The observation that histamine, pilocarpine and 5-HT block each other 
raises the question whether they attach themselves to the same receptors. 
Since atropine abolishes the response to pilocarpine only, and mepyramine 
abolishes the response to histamine only (Trendelenburg, 1954, 1956), and 
since the mepyramine-histamine and atropine-pilocarpine antagonisms are 
generally believed to be due to competition for receptors, it is suggested that 
the three substances attach themselves to different receptors. By doing so 
they apparently initiate a chain of events, a part of which seems to be common 
for all three substances, since they are able to block each other. 


The present results indicate that the ganglion cells of the superior cervical | 


ganglion of the cat resemble smooth muscle cells in having receptors for sub- 
stances which hitherto have been generally believed to be devoid of a direct 
action on sympathetic ganglia. They extend the evidence that substances 
with an action unlike nicotine can potentiate the transmission of impulses 
through sympathetic ganglia, as first demonstrated for adrenaline by Biilbring 
& Burn (1942). 

SUMMARY | 

1. Histamine, pilocarpine and 5-hydroxytryptamine (5-HT) potentiated 
the response of the perfused superior cervical ganglion of the cat to sub- 
maximal preganglionic stimulation and to injections of acetylcholine, nicotine, 
carbaminoylcholine, choline and potassium chloride. The sensitivity of the 
perfused ganglion to the potentiating action of histamine and 5-HT was 
10 to 100 times less than that of the ganglion with its normal circulation intact. 

2. Histamine, pilocarpine and 5-HT caused stimulation of the perfused 
ganglion in about 25% of the experiments. 

3. Subthreshold amounts of carbaminoylcholine increased the sensitivity 
of the perfused ganglion to preganglionic and chemical stimulation; larger 
amounts caused stimulation of the perfused ganglion which was followed by 
a nicotine-like paralysis. Both subthreshold and ganglion-stimulating amounts 
of choline caused depression of the perfused ganglion. 
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4. Small amounts of adrenaline and noradrenaline potentiated the res ponse 
of the perfused ganglion to submaximal preganglionic stimulation; nor- 
adrenaline was less effective than adrenaline. Larger amounts of both amines 
depressed ganglionic transmission. 

5. In the ganglion with its normal blood supply intact, histamine, pilo- 
carpine and 5-HT blocked each other at a time when the ganglion was 
maximally sensitized to submaximal preganglionic stimulation. 

6. It is suggested that the superior cervical ganglion of the cat possesses 
not only acetylcholine receptors but, in addition, separate receptors for 
histamine, for pilocarpine, for 5-HT and for sympathomimetic amines. 


I wish to express my thanks to Professor J. H. Burn for his advice and guidance throughout 
this work and to Miss Sheila Denton for her careful assistance. 
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THE RELATION BETWEEN SWEATING AND THE CATECHOL 
CONTENT OF THE BLOOD IN THE HORSE 
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In previous publications it has been shown that there are grounds for the belief 
that the sweat glands of the horse normally respond to the presence of adrena- 
line in the blood rather than to the action of secretory nerves (Lovatt Evans & 
Smith, 1954, 1956), and a preliminary communication by the present authors 
(1955) suggested that at least part of the sweating response to exercise must 
be attributable to that cause. The present investigation is an extension of these 
preliminary trials. 
METHODS 


Eleven adult horses were used. 15 ml. of blood were drawn aseptically from the jugular vein (at a 
previously procainized site) and, for the catechol estimations, at once mixed with 5 ml. of a sterile 
solution containing either 2 g sodium fluoride and 3 g sodium thiosulphate per 100 ml., or 1 g 
sodium ethylene diaminetetracetate (at pH 7) and 2 g sodium thiosulphate: the latter solution 
was preferred. The drawing of blood caused no distress or restlessness. The blood mixture was 
centrifuged for 10 min at 1500 rev/min, and the plasma drawn off with aseptic precautions; the 
plasma was kept under refrigeration until the analyses for adrenaline and noradrenaline were 
made by the method of Weil-Malherbe & Bone (1953). The analytical error of this method is of the 
order of + 10%. Inexplicably high figures were occasionally obtained, and these have been noted, 
but no conclusions drawn from them. No such high results were obtained during many hundreds 
of analyses of normal human plasma. 

Evidence in favour of the validity of the method for estimations in plasma has been summarized 
(Weil-Malherbe, 1955). It is particularly significant that practically identical results are obtained 
in plasma with this method and with that of Lund (1949, 1950). With acid-hydrolysed urine 
different results are obtained, the former giving the higher values (von Euler, von Euler & Floding, 
1955), which suggests that the interfering substances present in acid-hydrolysed urine are not 
present in appreciable quantities in plasma. Approximate estimates of the red cell volume were 
made from measurements in the centrifuge tube, allowance being made for the diluent fluid. In a 
few instances actual readings (using haematocrit tubes) of packed red cell volume were made, and 
these showed that the rough estimates of changes were substantially correct. 


* Present address: Lt.-Col. D. F. G. Smith, R.A.V.C., H.Q. Cyprus District. 
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SWEATING IN HORSES 


RESULTS 


Blood catechols wn resting horse plasma. Table 1 gives the results of thirty-two 
estimations. Horse no. 8 gave exceptionally high values, on two occasions, for 
both the catechols, These figures we cannot explain. Four other horses on the 


same cold, dry day gave normal figures, and horse no. 8 on another, mens 
warmer, day also gave more usual values. 


TaB.e 1. Adrenaline and noradrenaline content of horse plasma 


ug/l. plasma Temp. (° C) 

Horse no. Adrenaline Noradrenaline Dry-bulb Wet-bulb 
1 1-22 3-58 71 6-4 90 
1-62 6-41 2-7 2-5 98 
2-36 5-46 11 0-0 79 
Mean 1-67 1-67 Mean 4-85/ 5-10 6-6 4-8 74 
1-50 4-05 10-6 73 59 
1-72 5-85 17:2 141 69 
1-63 3-50 12-8 11-7 86 
2 1-10 3-72 71 6-4 90 
| 1-33 4-58 2:7 2-5 98 
1-54 4-48 9-6 9-5 98 
1-58 5-70 66 4:8 74 
2-68 4-68 128 11-7 86 
1-67 4-28 2-7 2-5 98 
3 Mean 1-68 11-48 Mean 4-501 yi 
4 1-56 5-25 2-7 2-5 98 
5 1-27 3-76 96 95 98 
6 1-25 5-35 9-6 9-5 98 
7 1-34 5-25 9-6 9-5 98 
1-86 6-55 | 0-0 79 
1-52 4-66 6-6 4:8 74 
Mean 1-73} 94 Mone 7358 
2-07 6-95 17-2 141 69 
1-77 3-05 128 11-7 86 
8 1-39 5-10 9-6 9-5 98 
*14-40 *28-80 1-1 0-0 79 
*4-04 #25-2 6-6 4-8 74 
9 { 5-47 9-4 9-5 98 
Mean 2-00 / 1-50 Mean 6-27 / 5-52 | 0-0 79 
(2-94 6-6 48 74 
10 1-65 4-82 12-8 11-7 86 
ll 2-42 4-80 126 11-7 86 

Mean ex- 1-693 Mean ex- 5-125 

cluding* 


Excluding these exceptional values the mean values were: for plasma 
adrenaline 1-69ug/l., 8.p. 0-424yg/l. and for noradrenaline 5-l3yg/l., 
1-i4ug/l. The correlation coefficient between pairs of values is 0-451, which, 
with 28 degrees of freedom, lies nearly on the 1% level of significance, i.e. 
the adrenaline and noradrenaline are associated. 
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The proportions of adrenaline and noradrenaline are thus in the ratio of 
about 1 to 3. In the horse adrenal, according to West (1953), the proportion of 
adrenaline in the medulla to the noradrenaline is about 4:1 (3200 and 800y¢/¢ 
respectively). Various inferences might be drawn from this, but as it is by no 
means certain that at least some of the plasma noradrenaline might not be of 
peripheral origin, no firm conclusion can be drawn. 

There was no regular difference in adrenaline or noradrenaline content from 
one animal to another, or from day to day in the same animal, and the drawing 
of blood caused no significant cardiac acceleration or other evidence that might 
suggest increased adrenal activity. 

The effect of exercise. In these experiments, the first sample of blood was 
drawn, at a previously procainized site, from the jugular vein. The animal, 
ready saddled, was then ridden at a steady canter for the required time, and at 
least until free sweating was established, and then, as soon as possible (usually 
- about 3 min) afterwards, the second sample was drawn. (Table 2, Expts. 1-11). 
In two experiments (Table 2, Expts. 12 and 13) a third sample was taken about 
20 min after the end of exercise. 

The results show that in every case there was an increase in both adrenaline 
and noradrenaline in the plasma. In one instance (Expt. 7) the rises were very 
large. This animal was less fit than the others, and on this occasion showed 
some respiratory distress during the ride, and refused to canter for any length 
of time: the high figures might therefore be acceptable as genuine, and perhaps 
attributable to a transitory anoxia. If these two high post-exercise values for 
both the catechols are excluded, the averages show a rise in adrenaline from 1-41 
to 2-50yg/l. (or 78%), and in noradrenaline from 4-48 to 6-96yug/l. (or 56%). 

Statistical examination shows that the increases in plasma adrenaline and 
noradrenaline after exercise are highly significant, and more so if the results of 
Expt. 7 are excluded. It also shows that there is a close correlation between 
the increases in adrenaline and noradrenaline. The following data illustrate 
these points: 


Plasma adrenaline 
(a) Including Expt 7. Mean difference 2-056yg/l.; s.z. of mean 
difference 0-808yg/l.; =2°54; P=0-03. 
(6) Excluding Expt 7. Mean difference 1-279g/l.; s.z. of mean 
difference 0-242yg/l.; =5-28; P< 0-001. 


Plasma noradrenaline 


(a) Including Expt 7. Mean difference 4-479yg/l.; s.z. of mean 
difference 2-128 ug/l. ; t.9=2°105; P c. 0-05. 

(6) Excluding Expt 7. Mean difference 2-4125yug/l.; s.z. of mean 
difference 0-551 ug/L. ; (4, =4°38; P< 0-001. 
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min after atropine 


and 63 
61 min after atropine 


tropine 0-06 30 min before 
(3) 9-05 17-2 141 69 tahen whe after 


Remarks 


Sweated freely after trotting and cantering. 


418 7:1 64 90 Fit horse, regularly ridden and always a free sweater. Keen temperament 


ple 2 taken 3 min after exercise 


9-5 98 Bucked most of the time, but sweated freely 
(3) 4-51 12-8 11-7 86 Sample 3 taken 18 min after exercise 
tropine 0-06 mg/kg 30 min before sam 


9-5 98 Sweated moderately 


bulb r.h. 


2-7 25 98 Not thoroughly fit. Exceptionally free sweater on light exercise 


34-00 96 95 98 Sweated very freely; some distress and refused to canter 


10-60 2-7 2-5 98 Sweated freely, but less than 2 or 3 


Air temp. 
(°C) 


381 71 64 90 Fit horse, 


crit,%  Plasmaadrenaline noradrenaline 

After 
1-26 . 
1-87 
1-52 
3-84 
3-12 
2-03 

12-90 
3-12 
2-60 
3-04 
2-59 
3-45 

77 (2)3-60 (1) 3-05 


8-65 9-6 95 98 Not completely fit and blew considerably. Sweated freely. 
9-6 
9-6 


650 27 25 98 Sweated 


879 27 26. 98 
682 96 95 98 


5-00 
9-00 
6-34 
4-48 9-40 


(2)6-95 12-8 11-7 86 Sample 2 taken 5 min after exercise 


(3) 2-75 12-8 11-7 86 Sample 3 taken 20 min after exercise 
(3) 9-90 17-2 14-1 69 Sample 3 taken 2 min after exercise 


Plasma 
ug/l.) 


Before After 
3-58 
6-41 
3-72 
4°58 
4-48 
4-28 
4-72 
5-25 
3-76 
5-35 
5-25 


(3) 2-73 
(3) 2-15 


(1) 2-07 (2) 1-35 (1) 6-95 (2)6-78 172 141 69 A 


(3) 2-52 
(1) 1-72 (2) 1-36 (1) 5-85 (2)5-76 172 141 69 A 


(3) 2-61 


al) 


F 


(1) 


44 G61 (1)1-63 (2)406 (1)3-50 (2)5-61 128 11-7 86 Sam 


44 47 


TaBuE 2. Adrenaline and noradrenaline contents of plasma before and after exercise (without and with atropine) 


Haemato- 
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Correlation between adrenaline and noradrenaline differences 


(a) Including Expt. 7. Correlation coefficient y=0-98; 11 degrees of free- 
dom; P<0-01. 

(b) Excluding Expt. 7. y=0-709; P=0-01. 

The rise in blood adrenaline persisted for some time after exercise: Expts. 12 
and 13 show that 18 or 20 min after the conclusion of the ride, the figures, 
though considerably lower than at 3 min after, were still significantly higher 
than when at rest. 

The increases in noradrenaline content were less regular than those of 
adrenaline, but there was always some increase. What the increase in nor- 
adrenaline might mean in terms of sweating response it is not possible to state 
definitely. The substance itself does not cause sweating when administered, 
but causes hair-erection (Lovatt Evans & Smith, 1956). If given together with 
adrenaline it does not much modify the resultant sweating, such effect as there 
is being rather to diminish it. 

An invariable accompaniment of exercise was the increase in red cell volume 
(average 32-5 % rising to 46-2%), an effect already well known (Scheunert & 
Krzywanek, 1926). 

Exercise after atropine. It is well known that atropine does not affect the 
sweating due to exercise or to adrenaline administration in horses. In two 
experiments (Table 2, Expts. 14 and 15), atropine, 0-06 mg/kg, was given 
between the drawing of samples 1 and 2. This caused a reduction in the amounts 
of both catechols in the plasma, which may have been due to an effect on 
cholinergic transmission in the adrenals, though Feldberg, Minz & Tsudzimura 
(1934) found that, in the cat, the muscarinic component was relatively small. 
After subsequent exercise, however, the plasma content of both catechols was 
found to be increased, and to a level higher than that before atropine. 


Blood adrenaline and sweating 

In all animals so far as we know exercise is accompanied by a discharge of 
adrenaline (and noradrenaline) into the blood. The results here described refer 
to the content in venous blood, but it must be supposed that the increases 
would be still greater in arterial blood. The question remains whether, in fact, 
the increases in blood adrenaline in the horse are adequate to cause sweating. 
In order to test this point, adrenaline or noradrenaline was administered 
intravenously in doses which in the case of adrenaline caused general sweating, 
and in similar doses with noradrenaline, and the immediate change determined. 
The samples were drawn from the side opposite to that of injection. The results 
are given in Table 3. 

If we suppose that the hormones are at first confined to the blood stream, 
and assuming a plasma volume of 25 L., it would be expected that 1 mg. of a 
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TABLE 3. Plasma catechols before and after intravenous injection of adrenaline or noradrenaline 
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substance would raise the plasma content by 40yg/l. If distributed equally 
between blood and ‘free water’ (say 125 1.), 1 mg would raise the plasma con- 
tent by 8yug/l.; or if equally between blood and all available water (say 250 |.) 
by about 4/1. The results of Table 3 show some unexpected features. First, 
the administration of either catechol causes an increase of plasma concentra- 
tion, not only of that one, but also, though generally of smaller extent, of the 
other. In Expt. 23 the initial level of noradrenaline was so high as to be in all 
probability attributable to some error, and this may explain the apparent fall 
after adrenaline injection. If we select those results in which the second sample 
was collected in 1 min or less after the adrenaline injection, and ignore the 
content of the catechol not injected, we get the following figures ; expressed as 
rise in injected: 


Rise in injected catechol 
Catechol injected Time (ug/l./mg) 
Expt. 18. Noradrenaline 1 min 7-54 
Expt. 21. Adrenaline 50 sec 2-27 
Expt. 22. Adrenaline 1 min 5-92 
Expt. 23. Adrenaline 30 sec 10-42 
Expt. 23. Adrenaline Imin 9-32 


The figures are merely suggestive, but they show that the catechol substances 
are swiftly dispersed, probably throughout the whole available tissue water, 
and are quickly used up. Sweating lasts for some 15-20 min after such injec- 
tions of adrenaline; long before the end of this period no increase in blood 
concentration is detectable, and it would seem that extremely small increases 
in blood adrenaline are able to cause sweating. It seems certain, therefore, that 
the rise invariably seen after exercise must play an important part in causing 
sweating. 

Blood sugar in exercise. In three experiments the blood glucose was deter- 
mined by Somogyi’s (1945) method before and after exercise, in the expecta- 
tion that it might be found to increase as a result of the adrenaline liberation. 
The horses were ridden for 25 min, including 20 min sustained trotting and 
cantering, and all sweated freely. Sample 2 was taken immediately after 
exercise, and sample 3 after an hour’s rest. The results are given below: 


Blood glucose (mg/100 ml.) 
¥ After 
Horse no. Rest exercise 1 hr later 
1 71 71 69 
7 78 71 60 
10 68 54 68 


The results show that there was a fall in blood sugar, or no change, from 
which it may be inferred that the effect, if any, of adrenaline was at least off- 
set by increased sugar utilization. Similar results have been found in the dog 
(Brouha, Cannon & Dill, 1939), and in man (Douglas & Koch, 1951). 
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That adrenaline in amounts adequate to cause sweating causes a rise of blood 
sugar in the resting animal was ascertained in three experiments kindly carried 
out at our request by, Dr Frank Alexander of the Royal (Dick) School of 
Veterinary Studies, Edinburgh. The results of one such experiment were as 
follows: | 


Blood sugar (mg/100 ml.) 
Time (min) .. 0 15 30 60 120 
Control, without adrenaline 91-5 88-5 88-7 85-7 81-3 
After intravenous adrenaline, 76-8 91-0 89-3 82-5 78-3 


1 pg/kg 


The control shows that the blood sampling produced no rise in blood 
sugar. 

The effect of morphine. It is well known that, in the cat, morphine causes the 
release of adrenaline (Elliott, 1912), but in the dog this effect does not seem to 
be demonstrable (Gross, Holland, Carter & Christensen, 1948; Miller, George, 
Elliott, Sung & Way, 1955). In the horse we never saw sweating result from 
injections of morphine up to doses of 1 mg/kg, but Dr Frank Alexander 
informs us that it sometimes occurs, and that he has seen a rise in blood sugar 
10 min after a dose of 0-5 mg/kg. The toxic dose of morphine for the horse is 
said to be about 5 mg/kg, but in these experiments, shown in Table 4, we did not 
exceed 1 mg/kg. 

The results show that the smaller doses of 0-25 and 0-5 mg/kg produced a 
fall in the blood catechols; the largest dose, of 1 mg/kg, produced a definite rise 
in both, with considerable cardiac acceleration. In spite of a rise in blood 
adrenaline which should have been adequate to cause sweating, this did not 
occur. A possible explanation for this would be that the morphine reduced the 
sensitivity of the sweat glands to adrenaline, but although this point was 
tested, the evidence for it was equivocal (Lovatt Evans & Smith, 1956). 

The effect of carbachol. Given intradermally, parasympathomimetic drugs 
cause sweating in the horse, but when given intravenously in small doses, about 
adequate to cause salivation, ds... ya... att Evans & Smith, 1954). However, 
larger doses, or doses preceded by an anticholinesterase, do cause abundant 
sweating, which can be prevented or stopped by atropine (Lovatt Evans & 
Smith, 1956). The explanation of the sweating on intradermal injection might 
well be accounted for by an increase in skin circulation, so that more of the 
plasma adrenaline got to the skin in unit time, but when given intravenously, 
it seemed possible that an additional factor might be the release of adrenaline 
into the blood. Table 5 gives the results of experiments. 

The results show in one instance there was no rise, but a fall, in the blood 
catechols (Expt. 29). In Expts 30 and 31 there was a rise in adrenaline, which 
was replaced by a fall half an hour after atropine had been given in order 
to relieve the symptoms, All the horses sweated freely. The content of 
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TaBxe 5. Effect of carbachol on plasma catechols 
Plasma 


Time of 
Carbachol sampleafter - 


(tnin) 
5 


dose 
(mg/kg) 
0-004 


4 
ia 
= 
33 
ds 

33 
is 


no! 
tw 
tw 
g 

of 
act 
th 
ad 
the 
sw 
as 
3 

3 | 
th 
sin 
art 
é su 
tre 
ex 
nN 

é S ac 
al 
: & 3 z 

.. 
~ ce 

42: 
re 
| 

re 


SWEATING IN HORSES 551 


noradrenaline was less affected after carbachol, and showed a slight fall in 
two cases; it was also less affected by atropine. The rises in blood adrenaline in 
two cases out of three would have been adequate to cause sweating. 


DISCUSSION 


The experiments indicate a close relationship between the adrenaline content 
of the blood and the incidence of sweating. The only exception was in the 
action of morphine, which does not regularly cause sweating, but which does, 
when given in sufficient dose, raise the blood adrenaline. The invariable rise in 
the adrenaline content of the blood which results from exercise, or from the 
administration of sufficiently large doses of carbachol, adds further support to 
the arguments brought forward by Lovatt Evans & Smith (1956) that the 
sweat glands of the horse are normally caused to function humorally, and not 
as a result of the receipt of nervous impulses to the sweat glands. 

The content of noradrenaline generally varies with that of adrenaline, but 
there are no indications that it plays any part in the causation of sweating, 
since noradrenaline does not cause sweating when administered; its functions 
are more probably related to the regulation of the circulation, as is generally - 
supposed. 

It is hoped that a further study may throw some light on the problem of the 
tropical anhidrosis in horses ; this might be due either to a reduced sensitiveness 
of the sweat glands to adrenaline, or to a reduced liberation of adrenaline in 
exercise, or to both factors. 


SUMMARY 


1. The plasma of the horse at rest contains, on the average, about 1-7g/I. 
adrenaline and 5-1yg/l. noradrenaline. 
2. In exercise causing free sweating there is a rise in blood adrenaline of 
about 78% and in noradrenaline of about 56%. 
3. Atropine, 0-06 mg/kg, lowers the concentration of both catechols at rest, 
but does not prevent the rise on exercise, and does not check exercise sweating. 
4. Intravenous injection of adrenaline or of noradrenaline (1-7 ug/kg) 
causes such increases in catechol content of the blood as to suggest rapid dis- 
persal and utilization of the injected catechol. The level of both catechols was 
raised by the injection of either. 
5. The blood sugar was not raised on exercise, though it was increased at 
rest by amounts of adrenaline which caused sweating (1g/kg). 
6. Morphine did not cause sweating when given in the small doses of 0-25- 
1-0 mg/kg; with the largest dose there was a rise, but with the smaller doses a 
fal! in blood adrenaline. 
7. Carbachol, 0-004 mg/kg caused free sweating (prevented by atropine), 
and in two cases out of three a rise in blood adrenaline. 


=, 
4 
a 
4 
2 


552 C. LOVATT EVANS AND OTHERS 


8. The noradrenaline concentrations in the blood generally vary with the 
adrenaline content, but are probably not directly correlated with sweating. 
The adrenaline concentrations are probably directly correlated with sweating, 
and support the view that the sweat glands of the horse are humorally 
controlled. 


of the results. 


REFERENCES 
Brovna, L., Cannon, W. B. er B. (1939). Blood sugar variations in normal and in sympa- 
thectomized dogs. J. Physiol. 95, 431-438. 
Dovatas, C. G. & Koon, A. C. E. Si Carbohydrate metabolism and muscular exercise. 
J. Physiol. 114, 208-221. 


Exuiort, T. R. (1912). The control of the suprarenal glands by the splanchnic nerves. J. Physiol. 
44, 374-409. 


von C., von U.S. & Fropra, I. (1955). Biologically inactive catechol derivatives 
in urine. ‘Acta physiol. scand. 88, Suppl. 118, 32-39. 
Evans, C. Lovatr & Surrn, D. F. G. (1954). On sweating in the horse. J. Physiol. 126, 45-46 P. 


Evans, C. Lovarr & Surra, D. F. G. (1956). Sweating responses in the horse. Proc. Roy. Soc. B, 
145, 61-83. 


Evans, Lovartt, Smrru, D. F. G. & H. (1955). The adrenaline and 
line of venous blood of the horse before and after exercise. J. Physiol. 128, 50-51 P. 
Fevpsere, W., poy Bec & Tsupzmoura, H. (1934). The mechanism of the nervous discharge of 
adrenaline. J. Physiol. 81, 286-304. 
Gross, E. G., Hottanp, H., Carrer, H. R. & Cunistensen, E. M. (1948) cit. Miller et al. 
lane AU iaaie Fluorimetric determination of adrenaline in blood. Acta pharm. toz., Kbh., 5, 


Luwp, A. (1950). Simultaneous fluorimetric determination of adrenaline and noradrenaline in 
blood. Acta pharm, toz., Kbh., 6, 137-146. 


Muker, J. W., Grores, R., Exirorr, H. W., Sune, C. Y. & Way, E. L. (1955). The influence of 
the adrenal medulla in morphine analgesia. J. Pharmacol. 114, 43-50. 


SCHEUNERT, A. & Krzywankk, F. W. (1926). Weitere Untersuchungen tiber Schwankungen der 
Bl Pflig. Arch. ges, Physiol, 213, 198-205, 
Somoeyt, M. (1945). The determination of blood sugar. J. biol. Chem. 160, 69-75. 


Wett-MatHerse, H. (1955). The concentration of adrenaline in human plasma and its relation 
to mental activity. J. ment. Sci. 101, 733-755. 


bebe teas & Bong, A. D. (1953). The adrenergic amines of human blood. Lancet, 264, 


West, G. B. (1953). The suprarenal glands of the hare and horse. J. Pharm. 5, 460-464. 


10) 


thi 
qu 
(Hi 
wé 
tic 

| 
tr 

B 
| fe 
ir 
ti 
t 
a 
a 


J. Physiol. (1956) 132, 553-558 


SOME OBSERVATIONS ON THE HUMAN MYOMETRIAL CYCLE 


By W. J. GARRETT 


From the Nuffield Department of Obstetrics and Gynaecology, 
University of Oxford 


(Received 17 January 1956) 


The nature of myometrial contraction-patterns in the intact non-pregnant 
human uterus has long been controversial. Kmnaus’s (1929, 1933) original 
theory of great muscular activity before ovulation, followed by a period of 
quiescence in the luteal phase, has, in recent years, met with general disfavour 
(Henry & Browne, 1943). In its place, most workers now accept the dual 
wave description of Moir (1934) as giving the true picture of uterine contrac- 
tion-patterns in the course of the human menstrual cycle. 

Moir described rapid, feeble uterine contractions in the first half of the 
cycle before ovulation. Later in the cycle, m the pre-menstrual phase and 
during menstruation, he recorded large, slower and much more powerful con- 
tractions as the characteristic pattern for that time. For convenience, Moir 
(1944) has called the elements of these two types of contraction-pattern A and 
B waves respectively. Wilson & Kurzrok (1938, 1940) agreed with Moir’s work, 
but added one major point when they made the assumption that the rapid, 
feeble pre-ovulatory A waves gradually became slower in frequency and greater 
in amplitude as the cycle progressed, thus developing into the large contrac- 
tions of menstruation, or B waves. 

This ‘assumption’ by Wilson & Kurzrok has introduced difficulties when 
the action of adrenaline is considered. Adrenaline stimulates the pure A-wave 
activity in the first half of the menstrual cycle yet inhibits the well-marked 
B-wave activity in the pre-menstrual phase (Garrett, 1955). To accept Wilson 
& Kurzrok’s ‘assumption’ then, it is necessary to postulate that the uterine 
response to adrenaline is radically modified under the differing conditions of 
oestrogen and progesterone domination according to the phase of the cycle. 
Alternatively, their assumption is wrong, and something more fundamental 
is involved; it could be suggested that A waves do not become B waves as 
Wilson & Kurzrok have said, but rather that these two types of contraction- 
pattern are separate physiological entities in themselves, each having its own 
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characteristic response to adrenaline. To clarify this point, a closer scrutiny 
of records obtained earlier (Moir, 1934, 1944; Garrett, 1955), together with 
further observations seems appropriate. 


METHODS 


Records of uterine activity were obtained from volunteer patients attending the out-patient 
clinic or from in-patients in the gynaevological ward. With customary aseptic and antiseptic 
precautions the uterine cervix was exposed and, under direct vision, a small collapsed balloon 
mounted on a hollow uterine sound was introduced into the lumen of the uterus. No anaesthesia 
or sedation was employed, so if any difficulty was experienced in persuading the balloon to pass 
through the cervical canal the attempt was abandoned altogether. When in place the balloon 
was filled with water up to 15 mm of mercury initial distending pressure. As the maximum 
capacity of the balloon was designed not to exceed 2 ml., this initial distending pressure was 
‘balanced’ by the elasticity of the balloon walls. The balloon was then connected by water-filled 
pressure-tubing to a very fine water tambour or, when necessary, to a mercury manometer 
recording on smoked paper. 

Where diagnostic curettage was indicated on medical grounds, endometrial biopsies for histo- 
logical examination were obtained the day after the investigation. These gave more objective 
information as to the endocrine conditions prevailing at the time of the study. 


RESULTS 


Normal ovulatory cycles 

In all, eighty records of uterine activity were obtained from sixty-two patients 
giving a history of normal menstrual function. In the first 12 days following 
the cessation of the menstrual flow, small rapid contractions or A waves not 
exceeding pressure of up to 1 mm of mercury, and usually considerably less, 
were observed at intervals of 10-50 sec. In the 7 days preceding menstrua- 
tion, slow but powerful contractions or B waves of up to 110 mm of mercury 
were recorded at intervals of 1-12 min (Fig. 1a, b, e, f). 

Closer study showed that the frequency of the A waves was at its lowest 
level immediately after menstruation, but from then on it gradually increased 
until the 14th day of the cycle when there was a sharp rise in frequency of 
contraction, reaching a maximum by the 18th day (Fig. 2). 

At that time, the very height of the A-wave activity, the first suggestion 
of B-wave activity began to appear (Fig. 1c, d). In their earliest manifesta- 
tion these B waves were seen as small undulations at about 70-150 sec inter- 
vals in the base-line of the much faster A-wave activity. Gradually the new 
B waves became much slower and very much more powerful, necessitating a 
mercury manometer in place of the more delicate tambour for recording pur- 
poses (Fig. le). Two days before menstruation the frequency of the B waves 
began to increase, reaching a peak just before the onset of the menstrual flow. 


During menstruation they persisted as the characteristic contractions recur- 
ring at 2-8 min intervals. 
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A waves were found simultaneously with B waves in twenty-five of the 
forty-two records in which B-wave activity was present. Their absence in the 
remaining seventeen records may have been real, but perhaps it was an arti- 
fact explained by the virtual impossibility of detecting contractions of the 
order of 0-2 mm with a mercury manometer in the presence of other contrac- 
tions of 25-100 mm. pressure. 


Fig. 1. Tracings obtained from different patients at various stages of the menstrual cycle. 
All time markers in min. 


Anovulatory cycles | 
Records were obtained from a further group of six patients, who could 
reasonably be considered to be having anovulatory cycles at the time of the 
study. Each gave a history of some condition commonly associated with 
anovulatory cycles (recent confinement, approaching menopause, etc.), and 
this was confirmed when the endometrial biopsy showed a non-secretory 
endometrium signifying the absence of an active corpus luteum. In each 
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case A waves only were recorded. No B waves were seen, even though the 
record was obtained more than 21 days after the onset of the last menstrual 


period. 


Fig. 


" IV Vv 


+ rea ws 


A-wave contractions per min 


B-wave contractions per hr 


Vaginal 
(de Allende & Orfas) , 


\ Ne 


WA 


o 8 8 


-Cornified cells in smears (%) 


10.12 14 8 20 2B 
Days of the menstrual cycle 
(counting from the onset of menstruation) 


2. Upper and middle graphs show the frequencies of A waves and B waves respectively at 
the various phases of the normal menstrual cycle. Lower graph shows the percentage of 
cornified cells in vaginal smears at the various phases of the menstrual cycle (de Allende & 
Orias). The similarity of the top and bottom graphs is obvious. The hatched areas represent 
the standard deviation above and below the mean values; within these areas 50% of the 
normal cases may be expected to fall. The lightly stippled areas represent twice the standard 
deviation above and below the mean values; within those areas the remaining normal cases 
may be expected to fall. I, menstruation; II, pre-ovulatory phase; III, time of ovulation ; 


IV, post-ovulstory phase; V, pee-menstruel phase. (Standard deviation = /=). 
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DISCUSSION 


From this work it is seen that the A-wave activity of the first half of the 
human menstrual cycle increases in frequency as the time of ovulation 
approaches, and when the B waves make their first appearance about the 
15th to 18th days of the cycle they are some ten times slower in frequency 
than the corresponding A waves. The new B waves are superimposed on the 
A waves already present, and appear on the tracing as slow, coarse undula- 
tions in a line of minute rapid oscillations. They do not therefore, as Wilson 
& Kurzrok (1940) have assumed, develop from the A waves by a gradual 
slowing process. Considering these observations and the responses to adrena- 
line quoted earlier, it seems reasonable to believe that A and B waves are, in 
point of fact, separate physiological entities—after ovulation one being simply 
superimposed on the other. 

The control of this orderly succession of events is probably humoral in 
origin and seems to be related to cyclic changes in the ovary. Henry, Browne 
& Venning (1950) have experimentally produced a ‘picture’ closely resembling 
the post-ovulatory myometrial pattern described in this work when they have 
given injections of progesterone to oestrogen-treated ovariectomized patients. 
They have found, following the administration of progesterone, that slow 
undulations (not unlike early B waves) become super-added to the fast, feeble 
contractions (like A waves) already present. From their observations, and 
from the fact that B waves are not seen in anovulatory cycles nor before the 
time of ovulation, it appears that the presence of an active corpus luteum is 
the governing factor in the genesis of B waves during the normal menstrual 
cycle. 

Endocrine control of A-wave activity has not been proved so directly. In 
1917 Stockard & Papanicolaou demonstrated changes in the vaginal cytology 
of guinea-pigs at oestrus and ovulation. More recently, de Allende & Orias 
(1950) have found a similar cyclic change in human vaginal smears at the 
time of ovulation, and have correlated their findings with a similar peak in 
urinary oestrogen excretion (Rubenstein & Duncan, 1941). They have also 
shown that the administration of oestrogens will artificially reproduce this 
cytological picture. So, comparing the results of de Allende & Orias on 
vaginal smears with the frequency of A waves obtained in the present work, 
it is seen that the peak of A-wave activity closely follows (with a slight delay) 
the peak in the percentage of cornified epithelial cells in vaginal smears. It 
is not unreasonable, therefore, to assume that as changes in the cytological 
picture are governed by the oestrogenic hormones from the developing follicle, 
so the same hormonal mechanism governs the frequency of A-wave contrac- 
tions. A concept of two distinct types of uterine contraction occurring in the 
course of the normal human menstrual cycle is thus developed, one type of 
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contraction (the rapid and weak A waves) persisting throughout the cycle 
and controlled by oestrogens, the other (the slower and strong B waves) 
occurring only in the presence of an active corpus luteum and controlled by 


progesterone. 
SUMMARY 


1. Uterine activity has been recorded by an intrauterine balloon method 
in sixty-two normal women (eighty records) and in six women having an- 
ovulatory cycles. 

2. Rapid feeble contractions or A waves, recorded throughout the men- 
strual cycle, show a marked increase in frequency at the time of ovulation. 

3. Other slower and much more powerful uterine contractions, or B waves, 
were also recorded in the course of normal menstrual cycles. The B waves 
arose independently of the rapid A waves and were only seen in the post- 
ovulatory period and during ovulatory menstruation. 

4. The evidence to date suggests that the A-wave activity is under oestro- 
genic control, whereas B-wave activity is governed by progesterone. 


I wish to thank Prof. J. Chassar Moir for his help with this work, for permission to review his 
earlier tracings, and for his kindness in discussing the manuscript, also Miss M. G. Potter for 
her capable technical assistance. 


REFERENCES 


pE AtLenps, I. L. C. & Onias, 0. (1950). Cytology of the Human Vagina, pp. 45, 161. New York: 

Paul B. Hoeber Inc. 

Garrett, W. J. (1955). The effects of adrenaline and noradrenaline on the intact non- 
Gynaec., Brit. Emp., 62, 876-883 

Henry, J. 8. & Browns, J. 8. L. (1943). The contractions of the human uterus during the 
menstrual cycle. Amer. J. Obstet. Gynec. 45, 927-949. 

Henry, J. 8., Brownz, J. 8. L. & Vennine, E. H. (1950). Some observations on the relations 
of and e to the contractions of the non-pregnant and pregnant human 
uterus. Amer. J. Obstet. Gynec. 60, 471-482. 


Kwavs, H. H. (1929). Eine neue Methode zur Bestimmung des Ovulationstermines. Zbl. Gyndk. 
58, 2193-2203. 


Kwavs, H. H. (1933). Zur Technik der Registration von Bewegungen der menschlichen Gebar- 
mutter. Zbl. Gyndk. 57, 2658-2662. 

Motr, C. (1934). Recording the contractions of the human pregnant and non-pregnant uterus. 
Trans, Edinb. Obstet. Soc. 48, 93-111. 

pitui gland fractions on the intact human 
uterus. J. Obstet. Gynaec Emp., 51, fi-ion 


Rusenster, B. B. & Duncan, D. R. L. (1941). A technic for assay of estrogen by evaluation 
of human vaginal smears and comparison with urinary estrogen the uterus. 
Endocrinology, 28, 911-914. 

Srockarp, C. R. & Paranicoiaov, N. (1917). the 

Wrson, L. & Kurzrox, R f the human uterus 
functional myometrial cycle. ndocrinology, 23, 79-86 


aaa L. & Kurzrox, R. (1940). Uterine contractility in dysmenorrhoea. Endocrinology, 27, 


J. Physi 


| 
F TO 
Wor 
to sucl 
easily 
the sk 
onset 
1943 ; 
conco 
and a 
The 
stitu 
abilit 
on th 
Ex 
of ho 
| orde 
heat 
Tepes 
chan 
men, 


J. Physiol. (1956) 132, 559-576 


NATURAL AND ARTIFICIAL ACCLIMATIZATION 
TO HOT ENVIRONMENTS 
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From the Medical Research Council's Unit for Research on Climate and 
Working Efficiency, Oxford, and the Royal Naval Tropical Research Unit, 
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If men without previous experience of hot environments are repeatedly exposed 
to such conditions in laboratory climatic chambers or hot rooms, their physio- 
logical response to these conditions is rapidly modified. The changes most 
easily and regularly observed are a progressive reduction in the increments in 
the skin and deep body temperature, and in the heart rate, produced by 
exposure to a standard environment, accompanied by a speeding up of the 
onset of sweating, and an increase in the amount of sweat lost (Bean & Eichna, 
1943; Ladell, 1947; Robinson, Turrell, Belding & Horvath, 1943). There is a 
concomitant improvement in the subject’s ability to perform muscular work, 
and a noticeable reduction in his feelings of discomfort. 

The term ‘artificial acclimatization’ is generally used to describe these 
changes seen in the laboratory, because it has been assumed that they con- 
stitute, or form part of, the adaptation to high environmental temperatures 
that occurs naturally in newcomers to hot climates, and results in an increased 
ability to work in the new environment and a reduction in the discomfort 
experienced. This assumption is implicit in most of the laboratory work done 
on the effects of hot environments: but, as far as is known, it has never been 
rigidly demonstrated because of the technical difficulties involved. 

Experiments conducted at Singapore to determine the responses to a variety 
of hot environments of men naturally acclimatized to tropical conditions, in 
order to compare their response with that of men artificially acclimatized to 
heat in laboratories in temperate climates, had proved unsatisfactory because 
repeated exposure of the subjects in the hot room produced a progressive 
change in their behaviour. It was, therefore, decided to use a large group of 
men, and expose each man twice only, with a standard interval between the 
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two exposures. On the first occasion all men would be treated alike in a dummy 
experiment or ‘uniformity trial’, and the results of this experiment used to 
correct for differences between individuals when, on the second occasion, smal! 
groups were exposed to the various hot environments, the effects of which it 
was desired to determine. It was considered that by these means an accurate 
determination could be made of the response to hot environments of these men 
in their natural state of acclimatization. This proved to be so, and the results of 
this series of experiments have already been described (Adam, Jack, John, 
Macpherson, Newling & You, 1953). 

It occurred to one of us (J.S. W.) to perform an exactly similar experiment in 
England on another group of men, identical in all respects with the first group, 
except that the second group had not been exposed to hot environments, 
either naturally or in the laboratory. A comparison of the results from the two 
groups of subjects could be expected, not only to provide a measure of the 
difference between the heat tolerance of men resident in England and that of a 
similar group resident in Singapore, but also to demonstrate whether the 
physiological changes seen in artificial conditions were evinced also by Euro- 
peans in the ordinary course of residence in tropical climates. 

The difficulty in comparing two such groups of men is to ensure that both 
groups can be regarded as valid samples of the same population. In this case 
the difficulty was largely overcome by the fact that naval ratings were used in 
the experiments in Singapore and, by the co-operation of the Royal Navy, it 
was possible to select a comparable group from among volunteers in this 
country. 

METHODS 
Plan of experiment 
In the first test all the subjects received exactly the same treatment—they performed a standard 


task in a standard environment (dry-bulb 100° F,, wet-bulb 85-5° F, air speed 100 ft./min), they all | 


wore shorts, and the test in all cases lasted for 4 hr. The standard task consisted of alternate periods 
of step-climbing on stools 12 in. high 12 times per min, and resting seated on the same stools (see 
Table 1). The rate of energy expenditure while step-climbing was 170 kcal/m*/hr, and while sitting 
55 keal/m*/hr, and the mean rate of energy expenditure was 106 kcal/m*/hr. Three days after this 
uniformity trial each man underwent the second test. The conditions in this test were arranged 
in accordance with a factorial design involving four factors, dry-bulb temperature (D), wet-bulb 
temperature (W), air speed (A), and activity (P), each at two levels—D, 90° F, D, 120° F; 
W, 80° F, W, 85° F; A, 20 ft./min, A, 300 ft./min; P, ‘sitting’ and P, ‘working’. The men wore 
shorts only. At the lower level of activity, P, (‘sitting’), the men remained seated on their stools 
for the whole of the experiment. Their energy expenditure was therefore 55 kcal/m*/hr. At the 
higher level of activity, P, (‘working’), the men followed the same routine of alternate resting and 
step-climbing as in the uniformity trials (see Table 1). The average energy expenditure was therc- 
fore 106 kcal/m*/hr. There were thus sixteen treatments, each of which was undergone by two 
subjects. The order in which the treatments were given was allocated at random and the men were 
chosen for sitting and working by lot. 

The arrangements at Oxford followed closely those at Singapore (Adam, Jack ef al. 1953). On 
the evening of day 1 two men reported at the Climatic Unit at Oxford, where they spent the night 
under supervision. The next morning, day 2, they were medically examined and were instructed 
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in the procedure of the tests, and that afternoon they underwent the uniformity trial. Two more 
men reported on the evening of day 2, slept the night at Oxford, and on day 3 underwent the medi- 
gal examination, and in the afternoon the uniformity trial. On day 4 the first two men reported 
again, spent the night at Oxford, and next morning, day 5, carried out the test allotted to them in 
the ‘factorial experiment’. This second exposure to heat was thus experienced 3 days, less 4 hr, 
after the uniformity trial. The second pair reported at Oxford on the evening of day 5, and next 
morning, Day 6, underwent their allocated heat test, again 3 days less 4 hr after their first 
exposure, and so on for the remainder of the thirty-two subjects. 


TaBLe 1. Experimental routine used at Singapore 


Time 
(min) 
— 20 Rest outside climatic chamber 
-5 Pulse rate; rectal temperature 
0 Enter chamber; weighed nude; don clothing; sit on stool 
5 Skin temperatures 
10—- 40 ‘Work 
Measurements; drink 500 ml. water 
50— 60 Rest sea 
Measurements 
70-100 ‘Work II’* 
1 Measurements; drink 500 ml. water 
110-120 Rest sea 
120 Measurements 
130-160 *Work 
1 Measurements; drink 500 ml. water 
170-185 Rest sea 
l Measurements 
195-210 Rest seated 
Measurements 
220-240 ‘Work 
240 Measurements; leave chamber 


* During these periods the subjects remained seated (the lower level of activity, P,) or step- 
climbed on their stools (12 in. high) 12 times per min (the higher level of activity P,, and all 
subjects in the uniformity trials). 

Measurements: Pulse rate; skin temperatures; rectal temperature; weighed nude. 


Hot-room procedure 
The hot-room procedure followed in Singapore is set out in Table 1. There was one minor depar 
ture from this routine at Oxford. No observations were made at 185 min during the hour's rest 
after the third work period. One other modification was also introduced. The subjects sat or step- 
climbed on towels in order to collect the sweat lost by dripping, and these towels as well as the 


' men’s shorts were weighed on every occasion when the man himself was weighed. 


Particulars of the subjects 

Every effort was made to obtain naval ratings of age, height and weight similar to those at 
Singapore, with the essential qualification that none of the men had ever served in tropical 
climates or worked in hot spaces, e.g. boiler rooms and engine rooms in ships. 

In certain respects the men did not completely match the Singapore group. Volunteers for the 
Xperiment from the different establishments were not plentiful enough to restrict the choice to 
able-bodied and ordinary seamen as was done at Singapore, and only nine men fell into these two 
categories. However, in the case of a further fifteen subjects the occupations followed did not 
require work in hot surroundings. These fifteen comprised eleven marines, three fleet-air-arm 
Personnel and one sick-berth attendant. The remaining eight required to make up the quota of 
thirty-two were stoker mechanics, but five of these were new entrants without any service in the 
engine room, two others had each had a few weeks’ engine-room experience during their training, 
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some 3 months previous to the present investigation, but without experiencing particularly warm 
conditions, The eighth man had served 6 months in the engine room some 2 years previously. 
Only four of the thirty-two men, including three experienced stoker mechanics, had been out of the 
country, and these had been stationed at Gibraltar 17 months previously or more. The group can 
therefore be accepted as comprising men with virtually no experience in hot conditions and 
certainly with no experience of the tropics. In contrast, the Singapore subjects had lived in the 
tropics for periods ranging from 7 to 23 months, with an average of 17-6 months at the time of the 
tests. 

Age and physical characteristics. For comparison with the Singapore series, the mean age, weight, 
height and surface area, with their standard deviations, of both groups of subjects are given in 
Table 2. 


TaBie 2. Physical characteristics of subjects at Oxford and Singapore—mean values and 


standard deviations 
Mean value Standard deviation 
Oxford Singapore | Oxford Singapore 
Age 20-17 20-92 1-84 2-19 
t (kg) 65-591 65-575 7-245 6-05 
Height (cm) 172-56 171-97 5-137 3-73 
area (m*) 1-770 1-778 0-1154 0-09 


The age range of the Oxford subjects, 17-27 years, was the same as that of the Singapore group. 
Their mean age, however, was 9 months less, and the distribution of ages was somewhat different. 
Eleven of the thirty-two Oxford subjects were below 19 years, and seventeen below 20 years of 
age, as compared with two and seven respectively at Singapore, though all but four at Oxford and 
five at Singapore were between 17 and 22 years of age. In respect of age therefore, the two groups, 
though not very dissimilar, cannot be regarded as samples drawn from the same population. The 
difference between them is formally just significant at the 5% level. 

The mean and the distribution of weight, height and surface area of the two groups were very 
similar, and in these characters the groups may be held to represent two random samples taken 
from the same population. The small difference of age distribution was therefore not reflected in 
any difference in the physical characteristics of the two groups. 

The uniformity trial provides a direct comparison between the tropical and non-tropical subjects, 
utilizing all sixty-four men of the two groups, all tested in one set of conditions. The factorial 
experiment allows comparisons to be made between the groups for sixteen additional sets of con- 
ditions, but here only two men in each group are available. Individual variability must obviously 
affect such comparisons, but corrections on this score can be applied and this has been done by 
using the method of analysis of covariance as explained on p. 565. 


RESULTS 
Uniformity trials 

Total sweat loss. The mean values for the two groups (Table 3) show that the 
Oxford subjects sweated much less than did those at Singapore. The difference 
between the means is highly significant (P < 0-001). 

It is well known that sweat output is affected by body size (Adam, Jack et al. 
1953). The correlation coefficients of sweat loss on body weight for the Singa- 
pore and Oxford groups are 0-764 and 0-732, which are not significantly dif- 
ferent, and for the groups together, 0-745. The increase in sweat loss with body 
weight of the two groups is given by the mean regression coefficient 6 = 27-54 
(s.8. 3-15) g/kg, which represents the slope of the best fitting pair of parallel 
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regression lines. Thus the sweat loss at Oxford and Singapore may be repre- 
sented by the two regression equations 


Singapore y= 374+427-54z, 
Oxford y = — 107 +27-54z, 


where y is the total sweat loss in 4 hr in grams, and z is the body weight in 
kilograms. The difference between the groups is again very clear. 

It has been pointed out that the two groups of subjects differed somewhat in 
their age and distribution. This difference, however, plays no part in the sweat 
responses of the subjects, for there is no discernible relation between sweat 
loss and age over the range covered by these subjects. Neither the correlation 
coefficient —0-021, nor the mean regression coefficient b= — 2-6 + 15-6 g/yr, is 
significant. 


TaBLE 3. Total sweat loss in uniformity trials (g/4 hr) 


Oxford Singapore 
Mean value 1699 2180 
Standard deviation 266 226 
Standard error 47 40 


Rectal temperature. The results are summarized in Table 4 and Fig. 1, which 
give the rectal temperatures taken before and throughout the whole exposure 
of 4hr. ‘The mean initial values at Singapore and Oxford were 99-64 and 
99-48° F, but the difference 0-16+0-104° F is not significant; the Oxford 
subjects appear slightly more variable, but the difference between the 
variances is not significant. During the trials the Oxford values after the first 
hour are consistently higher though more variable than those at Singapore. 
The difference amounts to nearly 1° F towards the end of the experiment. By 
the end of the second and third work period, the Oxford values have risen 
1-85 and 1-97° F compared with 1-12 and 0-87° F for Singapore. The Singapore 
values after a peak at the end of the first work period begin to fall; at Oxford, 
there is a further rise until the end of the third work period. The median values 
are included in the table to show that high Oxford rectal temperatures cannot 
be attributed to one or two exceptional subjects. 

Skin temperature. The findings are shown in Table 5 and Fig. 2. Initially, 
the mean temperatures at Oxford, like the rectal temperatures, were slightly 
lower than those at Singapore. After the first work period, however, and during 
the remainder of the trial, the Oxford values were the higher. There is one 
further striking contrast—during the work periods at Oxford skin tempera- 
tures rose, while at Singapore they fell. This phenomenon has been discussed 
at length by Ferres, Fox, Jack, John, Lind, Macpherson & Newling (1954). 

Standing pulse rate. The mean values for the standing pulse rates throughout 
the experiment for both the Oxford and Singapore subjects are set out in 
Table 6 and Fig. 3. Before entering the hot room there is no significant 
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difference between the tropical and the Oxford subjects, but from the end of the 
first work period onwards the values for the Oxford subjects are considerably 
higher than those for the Singapore subjects. 


on 


© Singapore 


100 }- 
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Time of observation 


Fig. 1. Rectal temperatures (° F) during uniformity trials at Oxford and Singapore. Z, before 
entry; W, end of work period; R, end of rest period; MR,, middle of third rest period 
(Singapore only). 


Tas_E 4, Rectal temperatures during uniformity trials (° F) 


Mean Variance* s.B. of mean Median 
8. 8. 0. 8 

Before yarn d 99-48 99-64 0-223 0-125 0-084 0-062 99-5 99-7 
End of I 100-73 100-89 0-224 0-129 0-084 0-064 100-8 100-9 
End of rest I 100-46 100-25 0-182 0-197 0-075 0-078 100-5 100-3 
End of work II 101-33 100-76 0-540 0-160 0-130 0-071 101-4 100-7 
End of rest IT 100-78 100-07 0-801 0-154 0-158 0-070 100-8 100-0 
End of work III 101-45 100-53 0-917 0-130 0-169 0-064 101-45 100-55 
End of rest III 100-35 99-46 1-109 0-114 0-186 0-060 100-3 99-4 
End of work IV 101-07 100-22 1-115 0-157 0-187 0-070 101-0 100-05 


* Calculated on 31 degrees of freedom. 
O., Oxford; 8., Singapore. 


Varied environmental conditions (the factorial experiment) 

The factorial experiment as already explained extends the comparison 
between the tropical and non-tropical subjects to sixteen different sets of 
conditions. The results detailed below confirm in most respects the findings in 
the uniformity trials. 

Total sweat loss. Table 7 and Fig. 4 give for comparison the results obtained in 
the sixteen different sets of conditions at Oxford and the corresponding values 
of the Singapore group. Each of the means shown in Table 7 is the mean of two 
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observations, corrected by covariance on the uniformity trials; that is to say 
the means have all been adjusted to the value to be expected for a subject 
whose sweat loss was equal to the mean of the thirty-two values of the appro- 
priate uniformity trial. Separate regression coefficients have been used for 
each combination of dry-bulb and work rate, since these differ widely. The 
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Fig. 2. Mean skin temperatures (° F) during uniformity trials at Oxford and Singapore. Z#, on 
entry; W, end of work period; R, end of rest period; MR,, middle of third rest period 
(Singapore only). 


Tasie 5. Mean skin temperature during uniformity trials (° F) 


Mean Standard deviation 8.8. of mean 

0. 8. 0. 8. 

On 93-9 94-7 1-42 1-33 0-24 0-24 
End of work I 96-1 93-9 1-05 1-40 0-18 0-25 
of rest I 96-0 94-6 1-01 1-40 0-17 0-25 
End of work II 96-6 93-1 1-35 1-14 0-23 0-20 
End of rest II 96-1 94-3 1-18 1-56 0-20 0-28 
End of work III 96-9 92-6 1-45 0-87 0-24 0-15 
End of rest ITI 96-3 93-9 1-16 1 0-20 0-23 
End of work IV 96-9 92-8 1-50 1-26 0-26 0-22 


standard errors, which are average values, are thus each based on 7 degrees of 
freedom. They are applicable to comparisons within either the tropical or 
non-tropical group; that is to say comparisons, such as the average effect of 
air speed, which are not affected by a constant difference between Oxford and 
Singapore. The standard errors for comparisons between the two groups would 
be slightly larger, since these comparisons are also affected by the sampling 
errors of the uniformity-trial means. 
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‘The results, on the whole, bear out the finding of the uniformity trials. In 
all eight environments in which work was done, and in six of the eight in which 
the men remained at rest, the Singapore subjects sweated more than those at 
Oxford. Of the factors which influence the sweat rate, the dry-bulb tempera- 
ture (D) and the work rate (P) have a large effect under all conditions studied 
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Fig. 3. Standing pulse rates (beats/min) during uniformity trials at Oxford and Singapore. 
__&, before entry; W, end of work period; R, end of rest period; MR,, middle of third rest 
period (Singapore only). 


TaBe 6. Pulse rates during uniformity trials (beats/min) 


Mean Standard deviation 8.E. of mean 

0. 8. 0. 8. 0, y * 

en 92-3 87-4 15-6 15-2 2-6 2-8 

End of I 138-0 117-6 17:8 18-2 2-8 
End of rest I 118-4 87-6 13-8 16-6 2-2 3-0 
End of work II 141-0 108-0 18-4 20-0 3-0 3-6 
End of rest II 116-6 84-4 16-0 14-8 2-6 2-6 
End of work III 140-0 104-8 16-8 18-4 2-8 3-2 
End of rest III 117-2 83-0 16-8 13-8 2-8 2-4 
End of work IV 136-0 104-4 18-8 16-0 3-2 2-8 


(Table 8). The increase in sweat loss induced by these two factors is greater at 
Singapore than at Oxford. Air speed (A) and wet-bulb temperature (W) have 
effects which vary with the dry-bulb temperature and level of activity 
(Table 7). The rise in air speed from 20 to 300 ft./min induces an increased 
sweat loss at 120° F dry-bulb, an effect which is significantly greater on the 
average in the tropical subjects. At 90° F the increased air velocity brings 
about a decided fall in sweat output of the tropical subjects; at Oxford the 
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reduction is much smaller and not significant. The results are in line with other 
investigations (Dunham, Holling, Ladell, McArdle, Scott, Thomson & Weiner, 
1946; Adam, Ellis, Irwin, Thomson & Weiner, 1952) which show that an in- 
crease in air speed from a low value such as 50 ft./min to a high value such as 
300 ft./min will decrease sweat output when the air temperature is below skin 
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A(ft/min) 20 300 


Fig. 4. Total sweat losses (g) during factorial experiment at Oxford and Singapore. 
R, resting subjects; W, working subjects. 


TaBLE 7, Total sweat loss in tests of varied conditions—mean values (g/4 hr) 


Wet-bulb ‘Working’ subjects ‘Resting’ subjects 
perature temperature speed — A — AR — 
(° F) (° F) (ft/min) Oxford Singapore Oxford Singapore 
80 { 20 1151 1624 538 532 
5 90 300 1158 1268 366 505 
85 20 1024 1946 483 611 
300 1142 1340 456 264 
8.E. 81 40 
80 20 2342 3120 1384 1806 
120 300 2976 3984 2348 3140 
85 20 2346 3604 1490 2010 
300 3050 4005 2117 3344 


8.E. 93 69 


temperature, but may increase the sweat loss when the air is hotter than the 
skin. Increasing the wet-bulb temperature from 80 to 85° F causes a small but 
generally consistent increase in sweat loss in the tropical subjects; the Oxford 
subjects show only a slight and insignificant increase. Other investigations on 
artificially acclimatized subjects, while confirming that an increase of sweat 
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loss generally occurs when the wet-bulb is raised from 80 to 85° F, indicate 
that the increase is usually quite small. 

Rectal temperature. The mean rectal temperature of the men taken before 
entering the hot room on this second, factorial-test, day at Oxford did not 
differ significantly from that taken at Singapore (Singapore 99-15° F', Oxford 
99-00° F, difference 0-15 + 0-119° F). Nor had there been any difference on the 
occasion of the previous uniformity test (Singapore 99-64° F, Oxford 99-48° F, 
difference 0-16 + 0-104° F). It will be seen from these figures, however, that on 
the second day the rectal temperature before entry into the hot room was lower 
than that measured in the test 3 days before. This was the case at both centres; 


Tasx 8. Table of mean values for total sweat lose (grams) 


W, W, A, Ay P, P, Mean 
Oxford 
D, 792 769 766 454 1108 781 
(1439) (1496) (1091) (1844) (1372) (1562) 
D, 2231 2265 1 2610 1826 2670 2248 
Interaction 28 376 10 
Mean 1512 1517 1341 1688 1140 1889 
Singapore 
D, 970 1045 1169 846 478 1538 1008 
(2038) (2163) (1455) (2745) (2072) (2127) 
D, 3008 3208 2624 3591 2550 3665 3108 
Interaction 62 645 28 
Mean 1989 2126 1896 2219 1514 2601 


For main effects, the s.z. of a single mean is 21-82. For first-order interactions, the s.z. of a 
single mean is 30-86, The figures in brackets show the changes on going from D, to D,. 


at Singapore the mean decrease was 0-491° F (+0-0456) and Oxford 0-472 
(+0-0902). The decrease was remarkably constant, and is probably explained 
by the diurnal variation in body temperature. The uniformity trials began at 
1.0 p.m. and the factorial experiments at 9.0 a.m. The expected difference 
between the rectal temperature at 9.0 a.m. and 1.0 p.m. is 0-60° F at Oxford 
and 0-56° F at Singapore (Adam, Collins, Ellis, Irwin, Jack, John, Jones, 
Macpherson & Weiner, 1955), which is in reasonable agreement with the 
observed differences. 

During the 4 hr exposure in the hot room, and in contrast to the finding of 
the previous uniformity trials, no difference in rectal temperature between the 
Oxford and Singapore subjects was observed. At the end of the first and second 
work periods the Oxford rectal temperatures were slightly higher than those at 
Singapore, but this effect did not persist; thereafter the Singapore tempera- 
tures were slightly higher. The rectal temperatures were affected by changes in 
level of dry-bulb temperature, wet-bulb temperature and the work rate to a 
similar extent at both test centres. The main effects are shown in Table 9. 
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Skin temperature. In confirmation of the finding in the uniformity trials the 
skin temperatures at Oxford measured under the varied conditions of the 
factorial experiment were consistently higher than those at Singapore, as 
shown in Table 10. On the average the effect of increasing the air temperature 
and the air speed is similar in the two places, but an increase in the wet-bulb 
temperature is without effect in Singapore although it results in a slight rise at 
Oxford, and an increase in the rate of work is without effect at Oxford although 
it produces a slight fall at Singapore. 


Tas.E 9. Recta] temperatures in relation to dry-bulb temperature (D), wet-bulb temperature (W) 
and level of activity (P). All values in ° F 


Average effects 
Mean values D W P 
Oxford and (120° F - (85° F - (work — 
Singapore 8.E. 90° F) 80° F) rest) 8.E. 

Before en 0-062 0-19 0-01 0-04 0-125 
End of I 99-88 0-062 0-57 0-07 1-18 0-125 
End of rest I 99-75 0-075 1-01 0-25 0-66 0-150 
End of work II 99-98 0-056 0-90 0-25 1-24 0-112 
End of rest II 99-68 0-056 1-12 0-35 0-75 0-112 
End of work III 99-95 0-050 1-17 0-39 1-51 0-100 
End of rest III 99-40 0-059 1-42 0-45 0-46 0-119 
End of work IV 99-80 0-062 1-38 0-38 1-23 0-125 — 


TaBLe 10. Mean skin temperatures (° F) in relation to dry-bulb (D), wet-bulb (W), 
air speed (A) and level of activity (P) 


Oxford Singapore 


D 90° F 94-52 92-73 
120° F 97-44 95-09 

W 80° F 95-40 93-02 
85° F 96-56 92-82 

A 20 ft./min 96-18 93-62 
300 ft./min 95-77 92-73 

P Rest 95-99 93-29 
Work 96-54 91-98 

8.E. of a single mean is 0-25. 


Pulse rate at end of the third work period. As in the uniformity test, there is a 
significantly higher pulse rate in Oxford (Table 11). Increasing the dry-bulb 
temperature from 90 to 120° F produces a significant effect in both localities. 
Increasing the rate of energy expenditure produces a similar significant 
imcrease, an average increment of about 30 beats/min. It should be noted, 
however, that for subjects working at dry-bulb 120° F pulse rates are practi- 
cally as high in Singapore as in Oxford. The wet-bulb effect is slightly greater 
in Singapore—at Oxford it is not significant. There is a suggestion both at 
Oxford and Singapore that the effect of air speed depends on the dry-bulb 
temperature. Increasing the air speed from 20 to 300 ft./min produces at 


4 

3 

« ~ 


570 » R. F. HELLON AND OTHERS 


dry-bulb 90° F a fall in the pulse rate but at dry-bulb 120° F a rise in pulse 
rate. This is true both at Oxford and Singapore. 


-_ Tasie 11. Table of mean values for pulse rate at end of work III (beats/min.) 


W, W, A, As P i P. 2 Mean 
Oxford 
3) 32) 24) 40) (33) (32) 
32 
D, 136 119 144 131 
Interaction 0 0 
Mean 112 118 114 116 102 128 
Singapore 
D, 70 84 80 74 69 85 77 
(39) (46) (35) (50) (28) (57) 
D, 109 115 124 142 120 
Interaction 4 8 14 
Mean 90 107 97 99 83 114 


For main effects, the s.z. of a single mean is 3-0. 9.8, of single 
mean is 4-3. The figures in brackets show the changes on going from D, to D,. 


DISCUSSION 
Acclimatization 

The foregoing results taken together indicate that the tropical group in the 
course of their 18 months residence in Singapore had acquired a tolerance of 
hot environments considerably superior to that possessed by their counter- 
parts in England and, by inference, superior to that which they themselves 
possessed before their arrival in the tropics. This is what common experience 
would lead one to expect. It is a familiar observation that, although the new- 
comer to the tropics is more distressed by the environment than the established 
resident, in a relatively short space of time he adapts to his environment and 
his distress diminishes—a phenomenon usually described as acclimatization. 

Acclimatization may be formally defined as an adaptative process which 
results in a reduction in the physiological strain produced by the application 
of a constant environmental stress. Environmental stress is conveniently 
described in terms of the air and radiant temperature, humidity, air speed, rate 
of energy expenditure and amount of clothing worn. If the environmental 
stress is to remain constant, not only must the physical factors of temperature, 
humidity and air speed remain constant, but also the associated variables— 
rate of working and the amount of clothing. Undoubtedly the resident of the 


tropics wears less clothes than the inhabitant of temperate climates and the 


newcomer may, indeed, progressively shed more of his clothing. It is also 
possible that he may reduce his rate of energy expenditure, by doing less 
work or producing the same work output more economically by the elimina- 
tion of adventitious movements and more complete relaxation during rest. 
Similarly, he may change his dietary pattern and consume more water and 
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salt. The question therefore arises whether natural acclimatization may 
not be entirely behavioural and unaccompanied by any physiological 
change. 

In the experiments at Oxford and Singapore the two groups of subjects, the 
tropical and non-tropical, were subjected to the same environmental stress. 
| Not only were the physical conditions of temperature, humidity and air speed 
strictly controlled, but so also was the rate of working and the amount of cloth- 
ing worn. The reduction in the physiological strain produced in the tropical as 
compared with the non-tropical cannot have been the result of behavioural 
differences. It may therefore be concluded that, even if there is a large 
behavioural element in the process of natural acclimatization, there is also 
an important degree of physiological adaptation. 


| 


Criteria of acclimatization 
In the terms of the definition given, assessment of the degree of acclimatiza- 
tion requires some method of measuring the physiological strain produced by 
the environment. The first and most obvious measure is provided by the degree _— 
of discomfort or distress experienced by the subject when exposed to a standard Ne 
hot environment, but distress cannot be expressed quantitatively with pre- \ 
cision, and comparisons are difficult and at best unreliable. Much the same y 
difficulties are met with when an attempt is made to measure ability to work or 
even survival time. 
At first sight it would appear that the best objective measure of physiological 
strain is provided by deep-body temperature. If man is a homothermous 
| animal, it is to be presumed that adaptation will be directed towards the main- 
tenance of his internal thermal environment at some value, divergence from 
which will be opposed. The rectal temperatures observed during the uniformity 
trials indicate that in the tropical group the deep-body temperature was 
displaced less from its initial value than in the non-tropical group. To this 
extent the adaptative mechanism has been successful and the physiological 
strain diminished. But adaptation cannot be considered to be successful if one 
component of the internal environment is kept constant at the expense of an 
» unacceptable variation in some other component; for example, if a reduction 
in the increment in deep-body temperature was achieved by cardiovascular 
adjustments that in themselves could be considered as undesirable. This 
desideratum appears also to be satisfied because the pulse rate here is lower 
in the tropical than in the non-tropical group. The skin temperature is also 
lower, which probably adds to the comfort or relative freedom from distress of 
the subjects, 
In practice, however, it is probably unwise to rely entirely on any one single 
| “easure, not even deep-body temperature, to provide an estimate of physio- 
logical strain. This is well exemplified by the results of the factorial experiment. 
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They are in agreement with the results of the uniformity trials in that the men 
in Singapore had lower pulse rates, lower skin temperatures and greater sweat 


losses than the men in Oxford, but no difference could be demonstrated in the 


rectal temperatures of the two groups. 

It is hard to say just why this should be, especially in view of the decisive 
difference in the rectal temperatures found in the uniformity trials. It could 
be, of course, that the design of the factorial experiment was unsuitable for 
demonstrating the small differences to be expected, especially at the lower 
levels of stress. Nor can the possibility of acclimatization occurring within the 
experiment be entirely excluded. In his investigations of the process of 
acclimatization to heat in Bantu miners, Dreosti (1935) showed that even a 
single previous exposure to hot conditions was sufficient to effect an appreciable 
decrease in the rise in body temperature produced by a standard hot environ- 
ment, and that this decrease, as would be expected, was most marked among 
the least acclimatized. Similarly, one would expect such a change to occur in 
the less acclimatized Oxford group rather than in the more acclimatized 
Singapore group. 

The use of the divergence of the rectal temperature from its set value as a 
measure of physiological strain has much to recommend it on theoretical 
grounds. The decreased divergence on acclimatization would indicate that 
the sensitivity of the regulating mechanism has increased, that is, a smaller 
divergence produces a greater correction. The difficulty arises in determining 
the basal value from which it is caused to diverge. Man is not strictly speaking 
a homothermous animal, probably a better word is homoiothermous. His body 
temperature is not fixed at one value, but may adjust its level according to 
circumstances and then regulate about this new level. Examples of this are to 
be seen in the diurnal variation already noted on p. 568, the effect of fever 
(Ferres et al. 1954), of work rate (Nielsen, 1938), geographic location (Adam & 
Ferres, 1954), and the well-known variations between individuals. 

The increased sweat rate observed in the tropical group raises a number of 
interesting points. In general, an increase in the amount of sweat secreted is 
considered to indicate an increase in the physiological strain produced by the 
environment. This concept has been used successfully by McArdle & Dunham, 
Holling, Ladell, Scott, Thomson, Weiner (1947) as the basis of a scale of 
environmental stress. There is therefore an obvious paradox. In one set of 
circumstances an increase in sweat rate is taken to indicate an increase in 
physiological strain, and in another set of circumstances is taken to indicate 
greater acclimatization. 

In the uniformity trials the skin temperature of the subjects is below air 
temperature so that heat is dissipated only by evaporation of water from the 
skin and lungs. Heat is gained by the body from two sources, an internal, the 

metabolic heat production, and an external, convective and radiant heat gain 
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from the environment. The equation representing the heat balance of the 
subjects may be written as 

E=M+(R+C)-S, 
M=metabolic heat production, R+C=heat gain by radiation and 
convection, E =heat loss by evaporation, S=heat ‘stored’ in the body. 

As a consequence of lower skin temperatures (Table 5), heat gain by 
radiation and convection in the tropical group would be greater than in the 
Oxford subjects and, since both skin and rectal temperatures (Table 4) rise 
less, the heat of storage in the tropical group is lower. It follows, for both these 
reasons, that # must be greater than that of the non-tropical subjects, if heat 
of metabolism remains unchanged. That an increased evaporative loss could 
well be attained is of course suggested by the increased sweating which is 
found to accompany tropical residence in the present investigation. The in- 
orease in heat loss by evaporation would, however, be reduced to a greater or 
lesser degree if body heat production was in fact lower in the tropical group. 
There is some evidence that the basal metabolism of Europeans is reduced by 
residence in hot climates, though not all Europeans necessarily undergo this 
reduction (Macgregor & Loh, 1941), but there is no convincing evidence that 
the energy expenditure on a standardized task such as step-climbing varies 
with the environmental temperature or the degree of acclimatization. 

To decide what increase in evaporative loss is required to balance the greater 
heat gain of the tropical subjects requires an estimate of this gain. The 
calculation is necessarily a rough one. The estimation of storage is only approxi- 
mate, and we cannot be certain of the values for the physical constants of heat 
transfer by radiation and convection, as we must rely on average values for 
men studied in the rather different conditions of the experiments of Nelson, 
Kichna, Horvath, Shelley & Hatch (1947). 

Calculation of S+(C +R) in the uniformity trials shows that the excess heat 
load ‘handled’ by the Singapore subjects averages 170 kcal in 4 hr. It can be 
seen that the calculated greater heat load could easily be met by the observed 
increase in average sweat loss. The increased evaporation required to meet the 
excess heat load at Singapore amounts to about 300 g of sweat and the observed 
excess at Singapore is 480 g. Not all this sweat was available for evaporation; 
at Oxford the average loss of sweat as drippage was nearly 100 g, i.e. about 
6% of the sweat output. Even allowing 10%, for waste in this way, the higher 
sweat loss at Singapore would appear to meet adequately the greater heat se 
of the ‘tropicalized’ subjects. 

Similar calculations may be applied to the factorial experiment, isin 
the difference between the two groups is not so clear-cut. In those cases in 
which the skin temperature is above air temperature the heat loss by convec- 
tion ard radiation is less in the tropical than the non-tropical, which amounts 
to the same thing as an increase in heat gain. The results obtained are in con- 
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formity with those described for the uniformity trials. The two air speeds, 20 
and 300 ft./min, have to be considered separately. The excess heat load borne 
by the Singapore subjects is found to be at 20 ft./min 120 kcal, and at 300 ft./ 
min 214 kcal, in 4 hr exposure, requiring an increase in evaporation of 207 and 
369 g of water respectively. The excess of water lost by sweating at Singapore 
was actually found to average 512 and 629 g for the two groups of tests. 

These calculations are presented for illustrative purposes only but they 
suggest that, although some of the increased sweat loss in the tropical group 
is a necessary accompaniment of the increased radiant and convective heat 
gain, some of the increase may well be wasteful. Perhaps an excessive pro- 
duction of unevaporated sweat is characteristic of the short-term acclimatiza- 
tion process, as seen in Europeans, for there is some evidence that indigenous 
tropical people differ from ‘tropicalized’ Europeans in their more economical 
sweating (Adam, Ellis & Lee, 1953; Lee & Weiner, unpublished; Wyndham, 
Bouwer, Devine & Paterson, 1952). The lesser sweating of native-born 
subjects is evident even when the sweat rate is augmented by further ‘acclima- 
tization’ in a hot chamber at unusually severe conditions. This has been 
observed in local Chinese, Malays and Indians at Singapore, and a similar claim 
is made for Bantu in South Africa when tested in conditions producing high 
sweat rates. 

Arttficial acclimatization 

Comparison of the reactions of the tropical with those of the non-tropical 
group shows that, when exposed to the same hot environment, the former 
produced more sweat and suffered a smaller increment of body temperatures 
and heart rate than the latter. Therefore, the effect of one season of residence 
in tropical climates on young and active European men is to induce in them 
changes in their responses to heat similar to those found in men repeatedly 
exposed to hot environments in experimental hot rooms. It is to be concluded 
that the changes observed in laboratory experiments are identical with those 
that occur naturally. In the laboratory, as in the natural state, these changes 
are accompanied by an increased ability to perform muscular work and a 
decrease in the discomfort experienced. It would appear, then, that the 
laboratory phenomenon is correctly described as ‘ artificial acclimatization’. 


It is concluded that: Conclusions 


(a) Residence in the tropics for an average period of 18 months results in an 
increased ability to withstand the stress of hot environments. 

(6) Since in these two investigations all the factors which contribute to environ- 
mental stress, including the rate of energy expenditure and amount of 
clothing worn, were accurately controlled, this process of ‘natural acclima- 
tization’ must involve physiological as well as behavioural adaptation. 
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(c) The phenomenon of natural acclimatization to tropical climates if not 
identical with, at least has the same physiological basis as the ‘artificial 
acclimatization’ produced experimentally in the laboratory. 


SUMMARY 


1. In order to determine whether the ‘natural acclimatization’ produced 
by residence in a hot climate is identical with the ‘artificial acclimatization’ 
produced in the laboratory, two identical series of experiments were performed, 
one in England and the other at Singapore. 

2. The thirty-two subjects in both series of experiments were similar in 
every respect except that the tropical group had spent on the average 18 
months in the tropics. 

3. Each man was exposed to hot conditions twice with an interval of 4 days 
between exposures. 

4. On the first occasion (uniformity trial) all men experienced the same 
environmental conditions, and worked at the same rate. On the second 
occasion the subjects were divided into sixteen pairs by lot, and each pair was 
exposed to one of the sixteen combinations provided by a factorial experiment 
with two levels each of air temperature, humidity, air speed and energy expen- 
diture. 

5. The results of the factorial experiment were corrected by means of analy- 
sis of covariance using the results of the uniformity trial, and thus the effects of 
a wide range of conditions were determined without repeated exposure of the 
subjects with consequent acclimatization. 

6. The two uniformity trials showed that the tropical group secreted more 
sweat, their rectal temperatures rose less, their pulse rates were lower, and 
their mean skin temperatures were also lower. The skin temperature behaved 
differently in the two groups. In the tropical group it fell with work and 
rose on resting; in the non-tropical group it rose on working and fell with 
rest. 
7. The results of the factorial experiments confirmed these findings, except 
that there was no significant difference between the rectal temperatures in the 
two groups. The effect of varying the level of the various factors was similar in 
the two groups. 

8. These results and their relationship to the phenomenon of acclimatiza- 
tion are discussed. It is pointed out that the differences observed between the 
tropical and the non-tropical group are those that occur during the ‘artificial 
acclimatization’ which results from repeated exposure to hot environments 
in the laboratory. 

9. It is concluded that the superior ability to withstand hot environments 
exhibited by those who live in the tropics involves physiological as well as 
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behavioural adaptation, and that the physiological basis of this ‘natural 
acclimatization’ is identical with that of the ‘artificial acclimatization’ pro- 
duced in the laboratory. 
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ADRENERGIC AGENTS AND THE RELEASE OF 
GONADOTROPHIC HORMONE IN THE RABBIT 
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(British Postgraduate Medical Federation, London University), 
Maudsley Hospital, London, S.E. 5 
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There is much evidence that the secretion of gonadotrophic hormone(s) from 
the anterior pituitary gland is under the control of the hypothalamus. Recent 
studies with the electron microscope have failed to demonstrate any nerve 
fibres in the pars distalis of the pituitary (Palay, personal communication; 
Farquhar & Rinehart, personal communication). From this, and much experi- 
mental data (see review by Donovan & Harris, 1955), there can be little doubt 
that the structures by which the hypothalamus exercises such control are the 
hypophysial portal vessels of the pituitary stalk. A likely hypothesis con- 
cerning the details of the mechanism involved is that some humoral agent is 
liberated into the primary plexus of the portal vessels in the tuber cinereum 
and is thereby carried to the adenohypophysis to affect the activity of the 
glandular cells. 
Many of the studies related to the release of lutemizing hormone (LH) have 
been made in the female rabbit. In this animal ovulation normally occurs after 
coitus or some form of sexual stimulation. It seems clear that such stimuli 
evoke a nervous reflex release of gonadotrophic hormone, with resultant folli- 
cular rupture some 9-11 hr later. The isolated oestrous rabbit offers two advan- 
tages for studies on the neuro-humoral control of ovulation: first, release of 
LH does not occur spontaneously ; and secondly, secretion of LH may be easily 
detected by inspection of the ovaries for rupture points. 
- Ovulation in the rabbit has been induced experimentally by localized elec- 
trical stimulation of the hypothalamus (Harris, 1937; Haterius & Derbyshire, 
1937; Markee, Sawyer & Hollinshead, 1946; Harris, 1948), and by the intra- 
venous injection of such substances as copper salts (Fevold, Hisaw & Greep, 
1936) and picrotoxin (Marshall, Verney & Vogt, 1939). Few attempts have 
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been made, however, to induce LH secretion by injection of substances that 
might play the part of a possible humoral agent transmitted by the hypo- 
physial portal vessels, Markee, Sawyer & Hollinshead (1948) failed to induce 
ovulation by the intravenous or intracarotid injection of adrenaline (0-01- 
0-2 mg/kg body weight). However, eleven out of forty-seven animals in which 
adrenaline was injected directly into the pituitary gland ovulated. Later, 
Sawyer, Markee & Everett (1950) showed that intravenous adrenaline 
(1 mg/kg body weight), administered after injection of atropine, induced ovula- 
tion or histological evidence of luteinization in five of seven rabbits. Admini- 
stration of adrenaline or noradrenaline into the third ventricle was also found 
to cause ovulation (Sawyer, 1952), 

The present study was undertaken to see whether adrenaline or related 
compounds would produce the ovulatory response when slowly injected into 
the tuber cinereum or pituitary gland of rabbits by a procedure involving less 
trauma than that used by Markee et al. (1948). 


METHODS 


Mature female chinchilla rabbits, of 2-4 kg body weight, were isolated for at least a fortnight 
before use. After anaesthetizing with 2% chloralose and 10% urethane in 0-9 % sodium chloride 
solution (2-5 ml./kg body weight, 1.v.), and ether as required, the animal’s head was clamped in a 
stereotaxic instrument (Harris, 1937). The first few rabbits were given atropine premedication 
(2 mg. atropine sulphate subcutaneously). The junction of the sagittal and coronal sutures of the 
skull (bregma) was exposed, and the head orientated so that the pituitary stalk was situated 
vertically below bregma. A needle, attached to an all-glass Agla micrometer syringe, was inserted 
through a small trephine hole at bregma until the tip was situated in the median eminence of the 
tuber cinereum (1-8 cm below the skull surface) or in the anterior pituitary (2-0-2-1 cm below the 
skull surface). In the earlier experiments a stainless steel hypodermic needle (27-gauge) was used, 
but this was subsequently replaced by a glass capillary tube attached to the syringe with polythene 
tubing. The substances to be injected were dissolved in 0-9 % sodium chloride solution and injected 
in the majority of cases at a rate of 0-0002 ml./min. The total quantity of substance administered 
was varied by (1) changing the number of 0-0002 ml. injections made and thereby increasing or 
decreasing the total time over which the solution was given, or (2) by altering the concentration 
of the solution. The syringe was left in situ for at least 5 min after giving the last injection to 
prevent risk of leakage of solution up the needle track. The various solutions were made up imme- 
diately before use and neutralized with sodium bicarbonate A.R., with the use of indicators or a 
pH meter. The drugs given were adrenaline bitartrate (Burroughs Wellcome and Co.), L-noradrena- 
line bitartrate (‘ Levophed’, Bayer Products Ltd.) and acetylcholine chloride ( British Drug Houses). 
All dosages are given in terms of the salt. Localization of the injection site was first attempted 
by gross dissection of the brain. Although in most cases the needle track and site of injection 
could be confidently determined, in a few animals this proved impossible. To obviate this difficulty 
the site was ‘marked’ in later experiments by inserting a second needle (27-gauge) in the same site 
as the first and with a stilette ejecting a minute fragment of platinum wire or polythene capillary 
tubing. In those cases in which platinum was employed, subsequent X-ray photographs and 
dissection of the brain localized the site. When polythene was used the region of the hypothalamus 
and pituitary gland was serially sectioned and examined histologically. 

The rabbits were killed with pentobarbitone or chloroform 36-48 hr after injection, and the 
ovaries examined. The presence of haemorrhagic follicles in the absence of fresh corpora lutea was 
not recorded as a positive response. The ovaries and uterus were fixed in 10% formol and in many 
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)  cagee studied histologically. The brain and pituitary gland were fixed in 10% formol, and either 


dissected or decalcified and trimmed, dehydrated, embedded in wax or celloidin and sectioned for 
histological study. Only the results obtained on those rabbits (i) which were clearly oestrous or 
whose ovaries contained ruptured follicles, and (ii) in which the injection site was accurately located 
by dissection or histological study, are included in this paper. The results presented are based on 
158 out of a total of over 190 rabbits studied. 


RESULTS 


In the course of the present study the techniques used for injection of the 
solutions have been subjected to four changes that might possibly affect the 
results. 

(1) In the initial experiments the rate of injecting the solution varied from 
0-002 to 0-01 ml./min, and the total volume given varied from 0-05 to 0-3 ml. 
Of eleven rabbits injected in this way with 120—-300g unneutralized adrenaline 
or noradrenaline solution into the median eminence, nine ovulated, and the 
other two showed haemorrhagic follicles in the ovaries. Similarly, of four 
animals receiving 0-05 ml. of 0-9°% sodium chloride solution at a rate of 
0-002 ml./min into the median eminence, one ovulated. This rate of administra- 
tion and dose level of adrenergic substances is comparable with that used by 
Markee et al. (1948). Since it seemed possible that damage to the tissues at the 
injection site may have been occurring, the rate of injection in all subsequent 
experiments was reduced to 0-0002 ml./min. As may be seen from the results 
given in Table 2, the percentage of animals showing ovulation also decreased. 

(2) In the early experiments the animals received 2 mg of atropine sulphate 
| subcutaneously before anaesthesia. The results obtained on these (seven) 
animals did not appear to differ from those of later experiments in which no 
atropine was used, and they have therefore been presented together in the 
following account. 

(3) A stainless steel hypodermic needle was used in the first experiments to 
inject the various solutions. Since the possibilities existed that (a) the metal 
) of the needle resulted in partial decomposition of adrenaline, and (b) that the 
acid solution injected might have carried metal ions into the tissues, a glass 
needle connected to the syringe with polythene tubing was substituted. The 
results obtained in forty-five rabbits injected with a metal needle showed no 
obvious difference from those obtained in later experiments, and they have 
been included in the results given below. 

(4) Since the acidity of the adrenaline and noradrenaline solutions may 
have influenced the results (apart from the adrenergic properties of the 
solution), a series of injections was made in which the pH of the solution was 
adjusted towards neutrality with the use of either indicators or, in most cases, 
pH meter. 
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Injections into the pituitary gland (Table 1) 

Adrenaline bitartrate. Injection of unneutralized solutions of adrenaline 
bitartrate were made into the pituitary glands of fifteen rabbits. Adrenaline 
bitartrate, 120ug, was injected into six rabbits of which one ovulated. Nine 
animals received 60g, of which two ovulated. Eleven rabbits were injected 
with adrenaline solution that had been carefully neutralized with sodium 
bicarbonate and the aid of a pH meter to within pH 6-91-7-11. Since adrena- 
line solution is less stable at neutral pH than in acid, and since the injection 


TaB_e 1. The ovulatory responses following injection of solutions of adrenaline or noradrenaline 
bitartrate into the anterior pituitary gland. The dose of substance injected is expressed as yg 
of salt, and all injections were made at a rate of 0-0002 ml./min 


Dose No. of rabbits No. _ Total vol. Conen. (w/v) 

Solution injected (yg) injected ovulated injected (ml.) (%) 
Adrenaline bitartrate 120 6 1 0-02 0-6 
(acid) 60 9 2 0-01 0-6 

Adrenaline bitartrate 150* 6 0 0-02 0-75 
(neutral) 120* 5 0 0-02 0-6 
Noradrenaline bitar- 120 7 0 0-02 0-6 
trate (acid) 60 2 0. 0-01 0-6 
5 1 0 0-005 0-1 

1 2 0 0-005 0-02 


* Dose of drug without allowing for decomposition at neutral pH. 


procedure took over 100 min to complete, it became necessary to measure the 
amount of decomposition that occurred in this time period. Assay, using the 
rat uterus method, was therefore made of the activity of such neutralized 
adrenaline solution at the end of a period of 120 min at room temperature. A 
solution originally made up to be 6-0 mg/ml. was found to retain activity 
equivalent to 4-5 mg/ml. To compensate for this rate of decomposition, the dose 
of adrenaline bitartrate injected into six rabbits was increased correspondingly. 
However, none of the eleven animals injected with adrenaline bitartrate in 
neutral solution ovulated. 

Noradrenaline bitartrate. Twelve rabbits which were injected with 1-120ug 
noradrenaline bitartrate (see Table 1) showed no sign of ovarian activation. 


Injections into the median eminence of the tuber cinereum 

In view of the fact that the large doses of adrenaline injected above resulted 
in only a small percentage of positive results, and the possibility that this 
might be explained by the adrenaline affecting only a minor fraction of the 
total anterior pituitary gland, it was felt that a technique whereby the injected 
substance was distributed more widely through the gland might provide more 
significant information. To attain this end, injections have been made into the 
median eminence of the tuber cinereum on the grounds that the solution might 


diffusé 
be wit 
In t 
estab! 
is 
could 
| TABLE 
erm 
Sol 
Adrensz 
(acid) 
Adrenz 
(appr 
Adreng 
(neutt 
No: 
| trate 
Norad 
q 
trate 
09% 
T 
ACh c 
adrer 
giver 
| injec 
F ma 
| Ther 
trate 
3 
injec 
(to 
N 
nenc 
app 
&p 


ADRENALINE AND OVULATION 581 


diffuse into the primary plexus of the hypophysial portal vessels and thereby 
be widely and rapidly distributed in the anterior pituitary. 

In this group are included only those animals in which the injection site was 
established as being within some part of the median eminence. No distinction 
is made here between injections made in the anterior, central or posterior 
regions of this structure since the results obtained showed no difference that 
could be correlated with these sites. 


Tasie 2. The ovulatory responses following injection of various solutions into the median 
eminence of the tuber cinereum. The dose of substance injected is expressed as yg of salt, and 
all injections were made at a rate of 0-0002 ml./min 


Dose No. of rabbits No. Total vol. Conen. (w/v) 
Solution injected (ua) injected ovulated = injected (ml.) (%) 
Adrenaline bitartrate 120 16 7 0-02 0-6 
(acid) 60 2 2 0-01 0-6 
30 1 0 0-01 0-3 
Adrenaline bitartrate 120* 6 3 0-02 0-6 
(approx. neutral) | 
Adrenaline bitartrate 150* 8 l 0-02 0-75 
(neutral) 120° 5 l 0-02 0-6 
Noradrenaline bitar- 120 12 4 0-62 | 0-6 
trate (acid) 5 3 1 0-005 0-1 
Noradrenaline bitar- 120* 6 1 0-02 0-6 
trate (approx. neutral) 
Noradrenaline bitar- 150* 5 0 0-02 0-75 
trate (neutral) 120* 5 l 0-02 0-6 
09% NaCl 13 3 0-02 
Tartaric acid x 2 0-02 0-27 
ACh chloride (acid) 100 4 2 0-02 0-5 


* Dose of drug without allowing for decomposition at neutral pH. 


Adrenaline bitartrate. Nineteen rabbits were injected with unneutralized 
adrenaline bitartrate. Nine of these rabbits ovulated, of which seven had been 
given 120ug and two had received 60yug. In the next group of six animals 
injections were made of 120g of adrenaline bitartrate that had been approxi- 
mately neutralized with the use of indicators. Three of these rabbits ovulated. 
Therefore of the twenty-five animals that received 60—-120yug adrenaline bitar- 
trate, unneutralized or roughly neutralized, twelve ovulated (Table 2). 

Thirteen rabbits were injected with adrenaline bitartrate solution that had 
been carefully neutralized to pH 6-8-7-4 with a pH meter. Of these, five were 
injected with 120g of the adrenaline salt, and eight were injected with 150ug 
(to compensate for decomposition at the neutral pH). One in each group 
ovulated, giving a total of two out of thirteen. 
 Noradrenaline bitartrate. Injections have been made into the median emi- 
nence of unneutralized noradrenaline bitartrate solutions and of solutions 
approximately neutralized with indicators, or more accurately with the use of 
a pH meter. The responses observed in these three groups were five out of 
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fifteen, one out of six and one out of ten, respectively. Half of the injections 
of the carefully neutralized solution were increased to a dose of 150ug_ nor- 
adrenaline bitartrate. 

Control injections. Control injections (of 0-9% NaCl solution, tartaric acid 
and acetylcholine) have been made into the median eminence. Thirteen rabbits 
were injected with the saline solution, of which three ovulated. The solution of 
tartaric acid was made up to contain the same concentration of tartrate as the 
0-6 % concentration of adrenaline bitartrate and was partially neutralized to 
a similar pH (3-1-3-5) with ammonium hydroxide or sodium hydroxide. Of 
eight animals injected with this solution, two ovulated. Four rabbits were 
injected with 100ug of ACh chloride, and of these two ovulated. 
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DISCUSSION 


Out of fifteen rabbits in which unneutralized solutions of L-adrenaline bitartrate 
were injected into the pituitary, three ovulated; and out of twenty-three 
injected into the gland with neutralized solutions of L-adrenaline bitartrate 
(with adjustment of the injected dose to compensate for decomposition at 
neutral pH), or acid t-noradrenaline bitartrate, none ovulated. The signifi- 
cance of the three animals which gave an ovulatory response is open to specu- 
lation. It seems unlikely that this result can be ascribed to the adrenergic 
properties of the injected solution since the dose injected was high and the 
number of positive responses was low. However, it may also be argued that 
this result cannot be due to the acid pH of the solution, since no ovulation was 
seen to follow injection of acid L-noradrenaline into the gland. 

The effect of injection of adrenergic agents into the tuber cinereum was 
investigated since the injected substance might thereby be distributed more 
evenly through the total tissue of the anterior pituitary by means of the 
hypophysial portal circulation. That this can occur was established by injec- 
tion of a diffusible dye (toluidine blue) into the median eminence, killing the 
animals 10-30 sec later, and examining the distribution of the coloured 
material. The striking feature of the results of hypothalamic injection of solu- 
tions of L-adrenaline bitartrate or L-noradrenaline bitartrate was the pro- 
gressive reduction in number of positive responses obtained as the rate of 
injection of the solution was decreased and as the pH of the solution was 
adjusted to near neutrality. In the early experiments, in which large doses of 
adrenaline or noradrenaline were injected rapidly (120-300yg injected at a 
rate of 0-002—0-01 ml./min in a total volume of 0-05—0-3 ml. of unneutralized 
solution), nine of eleven rabbits ovulated. When the solution was injected 
slowly (5-120jug, injected at a rate of 0-0002 ml./min in a total volume of 
0-005-—0-02 ml.), and in some cases approximately neutralized with indicators, 
eighteen out of forty-six rabbits ovulated. When the solutions were admini- 
stered at the same slow speed (120—-150yug, injected at a rate of 0-0002 ml./min 
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in a total volume of 0-005-0-02 ml. of solution at pH 6-8~7-4) after neutraliza- 
tion by use of a pH meter only three out of twenty-three rabbits ovulated. 
From these results it seems likely that many of the positive responses seen 
were due to physico-chemical changes brought about by the injection, and 
were not related to the adrenergic properties of the compounds. It is probable 
that excitation of some nerve cells or tracts in the hypothalamus could be 
produced by changes in pressure, temperature or hydrogen-ion concentration 
in their vicinity. In support of this view is the fact that five out of twenty-one 
rabbits ovulated when injected in the tuber cinereum with 0-9% sodium 
chloride solution or with tartaric acid solution (pH 3-1-3-5). It is unlikely that 
the pressure of the needle (alone) in the hypothalamus could be responsible for 
these results since only three out of thirty-eight rabbits ovulated when the 
needle was passed completely through the hypothalamus and the injection was 
made into the pituitary gland. The above findings throw serious doubt on the 
specificity of the gonadotrophic responses seen to follow injection of adrenergic 
substances into the hypothalamus. The results seen to follow injection into the 
pars distalis of the pituitary gland may be of more physiological significance, 
since this structure is devoid of nerve fibres and is probably less easily excited 
by changes of temperature or pH. 

Markee et al. (1948) were the first to report that injection of adrenaline 
hydrochloride solution into the pituitary gland might result in ovulation in the 
rabbit. They obtained the maximum number of responses (five out of ten) on 
injecting 0-1 °%, solution in three doses of about 0-04 ml. each over 30 min. They 
do not state whether the doses are expressed in terms of the salt or the base. If 
it is assumed that the dose is expressed as the salt, then approximately 120ug 
of adrenaline hydrochloride were injected in 30 min. In the present study 
three out of fifteen rabbits ovulated when 60-120yg adrenaline bitartrate 
(expressed as salt) was injected into the pituitary, but no ovulatory response 
was seen on injection of noradrenaline bitartrate solution. The differences 
between the results of Markee et al. (1948), and those reported above, may be 
due to various differences in technique. (i) The dose of adrenaline (expressed 
as a base) injected in the present study was probably about two-thirds that 
used by Markee and his co-workers; (ii) the method used by Markee et al. to 
inject the solutions probably resulted in more trauma and haemorrhage in the 
gland than that employed here; and (iii) the volume and rate of injection of 
solutions were markedly less in the present work. 

Previous studies, in which various substances have been injected into the 
region of the tuber cinereum and observations made of any ensuing ovulation, 
include those of Harris (1941, copper acetate), and Sawyer (1952, adrenaline, 
noradrenaline; 1954, 1955, histamine). The validity of correlating the responses 
observed with the chemical nature of the injected substance is, in view of 
the results reported above, open to doubt. Other factors which might be 
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responsible for non-specific stimulation of hypothalamic nerve fibres, such as 
local changes in pressure, temperature or pH, should be considered. 

It is difficult to draw any conclusions from the present work regarding the 
mechanism whereby the release of luteinizing hormone is stimulated in the 
rabbit. Since only three out of thirty-five rabbits ovulated following injection 
of 60g or more of adrenaline or noradrenaline intothe pituitary gland directly, 
it is felt that these results cannot be taken to support the view that release of 
luteinizing hormone is mediated by an adrenergic substance. 


SUMMARY 


1. Ovulation has been produced in the rabbit by the injection of adrenaline 
or noradrenaline solutions into the hypothalamus or by adrenaline into the 
pituitary gland. Control injections of solutions of sodium chloride or tartaric 
acid into the hypothalamus also caused ovulation. 

2. When the solutions of adrenergic drugs were neutralized before use the 
effectiveness of injections into the hypothalamus was greatly diminished. 

3. This observation does not support the view that an adrenergic agent is 
concerned in the humoral transmission of stimuli from the hypothalamus to 
pituitary gland. 


We wish to express our gratitude to Mr M. A. Cymbalist for his aid in the pharmacological 
assays, and Mr G. J. Christofinis and Mr W. F. Piper for their technical assistance ; to the Medical 
Research Council for a research studentship (to B. T. D.), and to the Bethlem Royal and Maudsley 
Hospitals for a grant from the Research Fund for expenses. This study formed part of a thesis 
submitted by one of us (B.T. D.) for the Ph.D. degree, University of London. 
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THE ELECTRICAL PROPERTIES OF THE SLOW MUSCLE 
FIBRE MEMBRANE 


By W. BURKE anp B. L. GINSBORG 
‘From the Biophysics Department, University College London 


(Received 10 February 1956) 


Kuffler & Vaughan Williams (1953a,b) have shown that the small motor 
axons in the frog innervate a specific group of fibres, the ‘slow’ fibres, which 
constitute a small proportion of many skeletal muscles. The electrical re- 
sponse of these fibres to nerve stimulation is a non-propagated depolarization, 
the small-nerve junctional potential (s.j.p.), analogous to the end-plate poten- 
tial of ‘fast’ (or ‘twitch’) fibres. But whereas the end-plate potential normally 
leads to an action potential, the s.j.p. does not. A further distinctive feature 
of the s.j.p. is that it decays diphasically, i.e. with a terminal phase of hyper- 
polarization. 

Our object was to investigate the electrical properties of the slow fibre 
membrane as distinct from its response to the neuromuscular transmitter and, 
in particular, to find out if propagated responses could be produced by direct 
stimuli. The experiments required the insertion of two microelectrodes into 
the same fibre, one to stimulate it selectively by passing current through the 
membrane, and the other to record the potential. It will be shown that the 
slow fibres are not, as a rule, capable of giving action potentials even in re- 
sponse to strong direct stimuli. The absence of action potentials on nerve 
stimulation therefore simply reflects the ‘inexcitability’ of the slow fibre 
membrane. The diphasic decay of the s.j.p. will be shown to be due to a 
“delayed rectification’ and not to any special effect of the neuromuscular 
transmitter. 

A preliminary account of the experiments has been published (Burke & 
Ginsborg, 1955). - 

METHODS | 
Slow fibres were impaled with two microelectrodes, one for passing current through the mem- 
brane and the other for recording. The superficial fibres of the muscle were explored with the 
recording electrode until an s.j.p. was obtained in response to nerve stimulation. There was 
fortunately no need to search for a focus of small-nerve junctions since s.j.p.’s can be recorded 


over the whole length of a slow fibre (Kuffler & Vaughan Williams, 1953a). The current elec- 
trode was then inserted, usually within 50, of the recording electrode. 
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It was not always possible to insert the second electrode, perhaps because of the small size of 
the slow fibres. Possibly for the same reason, the second insertion when made close to the first 
electrode generally caused a large drop in resting potential, sometimes amounting to 10 or 
20 mV. Only a small fraction of this drop (1-3 mV) was due to the electrical shunting of the 
membrane by the current electrode and its external circuit. The phase of hyperpolarization of 
the s.j.p. was frequently reduced and sometimes abolished after the insertion of the second elec- 
trode. The arrangements for polarizing and recording were conventional (see, for example, Fatt 
& Katz, 1951). 

Preparation. The sciatic-iliofibularis preparation was used throughout. In most experiments 
it was taken from Rana temporaria, but during the summer months poor s.j.p.’s were obtained, 
and preparations from R. esculenta (Dutch) were found more satisfactory. These preparations 
had the additional advantage of a larger number of superficial slow fibres. 

Resting potentials. Very small adjustments to the micromanipulator whilst the electrode was 
in a fibre produced changes in resting potential of up to 10 mV (cf. Kuffier & Vaughan Williams, 
1953), and successive insertions into the same fibre gave values which might differ by as much 
as 20 mV. These inconsistencies were probably due to imperfect sealing of the microelectrode 
and to changes in its ‘tip potential” (see Castillo & Katz, 1955). In spite of this uncertainty, it 
was clear that the resting potentials of the slow fibres were considerably lower than those of 
fast fibres: in agreement with Kuffler & Vaughan Williams (19532), they ranged from 35 to 
76 mV with a modal value of 60 mY. 

Selective stimulation of the emall motor nerves. To avoid mechanical artifacts from the response 
of twitch fibres during nerve stimulation it was necessary to stin:ulate the small motor axons 
selectively. The method used was a modification of that introduced by Kuffler & Vaughan 
Williams (19534). A voltage pulse was applied to the peripheral trunk of spinal nerves 9 and 10 
through two platinum electrodes about 3mm apart; the electrode nearer to the muscle was 
made positive with respect to the other electrode. The pulse rose to a maximum in a few msec 
and, to avoid anode break excitation, was made to decay slowly, with a time constant of about 
30 msec. If the amplitude of the pulse was suitable, all the motor nerves were stimulated at the 
cathode, but the large motor axons which innervate the twitch, fibres were anodally blocked. The 
appropriate stimulus strength could readily be determined by varying it, while observing the 
muscle under a binocular microscope ( x 30). With small stimuli, the muscle twitched; as the 
stimulus was increased, the twitch became smaller and finally ceased. The stimulus could then 
be increased several-fold before the twitch reappeared as a result of anode break excitation. It 
seems likely that the stimuli strong enough to block the large motor axons were sufficiently 
strong to stimulate all the small motor axons, since increasing the stimulus within the lower part 
of the range in which there was no twitch did not change the size of the s.j.p. In the upper part 
of this range, the s.j.p. was sometimes reduced, presumably because some of the small motor 
axons were now being blocked. The method has the advantage that the spinal nerve roots do 
not need to be dissected, but because of the long stimulating pulse, it cannot be used for repetitive 
stimulation at a frequency greater than about 10/sec. 

The maximum s.j.p.’s were about 30 mV. The maximum hyperpolarizations (following the 
8,j.p.) were about 10 mV in R. temporaria and 15 mV in R. esculenta. The usual size of the s.j.p. 
in both species was 10-20 mV, but there was a striking difference in the ratios of hyperpolariza- 
tion to depolarization. In R. temporaria this rarely exceeded 0-25; in R. esculenta it was often 
close to, and sometimes exceeded, unity (Fig. 1). 

Movement artifacts. Movement due to twitches was avoided by the use of selective nerve 
stimulation, but occasionally a single stimulus produced visible slow movement of the tonus 
bundle, and this could not always be eliminated by stretching the muscle. This movement caused 
a delayed depolarization following the s.j.p., and usually dislodged the electrode. Smaller 
irregularities were sometimes superimposed on the s.j.p., without visible movement, but these 
could easily be discounted. There was no indication that movement distorted any records of 
the response to applied currents. 
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Solutions. Except where stated, ‘frog’ Ringer’s solution of the following composition was 
used: 115 mm-NaCl, 2-0 mm-KCl, 1-8 ma-CaCl,. The experiments were done at room temperature 
(15~22° C). 


Fig. 1. 8.j.p.’s from single slow bres: Ay Hana wemporana, B, R. esculenta, The s.j.p.’s are 
approximately equal, but the hyperpolarization in B is larger than that in A and it lasts 
for a longer period. The resting potential was 60 mV in each case. 


RESULTS 
Electrotonic depolarization of the membrane 

A slow fibre having been identified by the appearance of an s.}.p. in response 
to nerve stimulation, a second electrode was inserted into the fibre and rect- 
angular pulses of outward current were passed through the membrane. The 
results of such an experiment are illustrated in Fig. 2. In A, successively 
stronger currents were applied, and as a result of the strongest, the membrane 
potential was transiently reduced to zero: in B an even stronger current was 
applied (lower trace) and the membrane potential was reversed. However, 
at no level of depolarization was an action potential initiated. 

This result was confirmed in all but one of fifty slow fibres. In this fibre, 
depolarization led to the sequence: local response—action potential, similar to 
that in other excitable cells, the threshold depolarization being 15 mV: the 
resting potential was 40 mV and the initial s.j.p. 10 mV. There was no evi- 
dence that this fibre was in better condition than the remaining forty-nine 
‘inexcitable’ fibres, many of which had larger resting potentials and s.j.p.’s. 
The behaviour of this fibre must therefore be regarded as anomalous. 

Two other striking features of the records shown in Fig. 2 are: 

(i) When the depolarization exceeds 5-10 mV, there is a ‘hump’ on the 
catelectrotonic potential. The ‘hump’ is probably not a local response (in its 
usual sense) as can be seen from Fig. 3: this shows superimposed tracings of 
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15x10" 


Fig. 2. The response of the slow fibre to “cathodic” currents. V, potential; /, current. Resting 
potential 50 mV. In A the beginning and end of the rectangular current pulses are indicated 
by the arrows. Four successive traces are shown. The zero potential is at the level of the 
peak of the uppermost trace. In B (from the same fibre at reduced gain), the zero potential 
is at the level of the steady depolarization (R. esculenta). 
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Fig. 3. Superimposed tracings of the electrotonic potentials (V) produced by opposite and 
approximately equal currents (J). The tracings are from records shown in Fig. 7 (see text). 
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the electrotonic potentials (from another fibre) produced by equal and oppo- 
site currents. The catelectrotonic potential even during the ‘hump’ is smaller 
than the anelectrotonie potential. 

(ii) At the end of the ¢urrent pulse, the depolarization decays with a phase 
of hyperpolarization. Both these features are probably due to ‘delayed recti- 
fication’, as will be diseussed below (p. 594). 


Fig. 4. The effect of prelimiiiary on tne response ‘cathodic’ current. (a) and 
(b) show the zero level and the resting base line (—49 mV) respectively. A steady ‘anodic’ 
current (0-8 x 10-* A) was passed through the membrane, hyperpolarizing it to the level (c) 
(-95 mV). A ‘cathodic’ pulse (3 x 10-* A), its beginning and end marked by arrows, was 
then superimposed on the steady anodic current (R. esculenia). 


The effect of preliminary hyperpolarizations 

It was conceivable that the slow fibres were unable to produce action poten- 
tials simply because their low resting potentials (see Methods) caused them 
to be in a state of cathodal depression. If this was the case, excitability should 
be restored by a brief period of anodic polarization (see, for example, Lorente 
de Né, 1947). The possibility of cathodal depression was therefore tested by 
raising the resting potential of slow fibres with a steady ‘anodic’ current 
before applying a depolarizing pulse (Fig. 4). The results were clearly nega- 
tive: hyperpolarizations of up to 130 mV followed by depolarizations to the 
zero potential or beyond failed to produce action potentials. The ‘inexcit- 


ability’ of the slow fibres is therefore not due to their being in a state of 
cathodal depression. 


Comparison between electrotonic depolarization and the s.}.p. 

In the light of the present results, the inability of nerve stimulation to 
produce action potentials in slow fibres (Kuffler & Vaughan Williams, 1953) 
is an inevitable consequence of the ‘inexcitability’ of the slow fibre membrane. 
The phase of hyperpolarization that follows the depolarization caused by 
nerve stimulation also appears to be due to the electrical properties of the 
membrane, since electrotonic depolarizations decay in a similar way. This is 
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brought out clearly in Fig. 5, which shows an s.j.p. and a catelectrotonic 
potential of the same size, from the same fibre. Both depolarizations are 
followed by hyperpolarizations similar in duration and magnitude. For a 
closer comparison of the two time-courses of decay the effect of the different 
spatial distributions of the depolarizations must be considered. 


= 


Fig. 5. Comparison of the hyperpolarization following the s.j.p. with that following an equal 
electrotonic depolarization. The s.j.p. (A) and the electrotonic potential (B) were recorded, 
from the same fibre after the insertion of both ‘voltage’ and ‘current’ electrodes. Resting 
potential, 50 mV. Arrows mark the beginning and end of the current pulse (R. esculenta). 


Multiple innervation 

Kuffler & Vaughan Williams (19534) found that an s.j.p. could be recorded 
whenever a slow fibre was impaled and that, with maximal nerve stimulation, 
there was only a relatively small variation in amplitude and time-course of 
the s.j.p.’s. From this and other evidence, they concluded that slow fibres 
were innervated over their whole length. We have obtained additional 
evidence for this view by recording 8.j.p.’s at different points in the same 
fibre. 

Since the slow fibres could not be followed visually, the procedure was as follows. The recording 
and polarizing electrodes were first inserted into the fibre at the same point; successive insertions 
along the fibre were then made with the recording electrode, the polarizing electrode being left 
in place. The appearance of electrotonic potentials when current was applied through the polari- 
zing electrode served as a check that the recording electrode had entered the same fibre. 


The results of the two experiments in which this was done are shown in 
Fig. 6. There was some variation in the s.j.p.’s: over a length of about 2 mm, 
their amplitudes varied from 7 to 15 mV (Fig. 6A) and 8 to 14 mV (Fig. 6B); 
their rise times from 11 to 14 msec in A and 6 to 8 msec in B; and their decay 
times, to 1/e, from 20 to 37 msec in A and from 21 to 26 msec in B. The smaller 
8.j.p.’8 were not, however, associated with the longer rise and decay times as 
would be the case if the variations were due to different displacements from 
& focus of depolarization (see Fatt & Katz, 1951). This suggests that such 
differences in amplitude as were observed were due to variations in the 
intensity of the transmitter action along the fibre. A similar sivantion has 
been found in crustacean muscle (Fatt & Katz, 1953). 
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Comparison of decay times | 
The distributed innervation of the slow fibre requires that the s.j.p. should 
decay more slowly than a focally produced electrotonic potential. If the 
membrane resistance were constant (i.e. independent of the membrane poten- 
tial), and if nerve stimulation produced an exactly uniform depolarization of 
the whole; fibre, decline to.37.% (1/e).of its maximum in a 


2-10 


Fig. 6. Spatial distribution of 6.j.p.’s in two slow fibres. The numbers attached to the records 
indicate the displacement in mm of the electrode along the muscle fibre (A, R. temporaria; 
B, R. esculenta). 

time equal to the time constant of the membrane. The electrotonic potential, 

however, which falls off with distance from the polarizing electrode, would 

decay to a smaller fraction, viz. to 16% (erfc 1) in the same time (Hodgkin 

& Rushton, 1946). 

Although the situation is complicated by the departure from spatial uni- 
formity of the s.j.p. and by the ‘rectifier property’ of the membrane, it is 
nevertheless of interest to compare the decay time of the s.j.p. to L/e (t,) 
with that of an equal catelectrotonic potential to erfe 1 (t,). (The amplitudes 
were measured from the level of the peak hyperpolarization, and not from 
the resting base-line.) In ten fibres, the ratio t,/t, varied between 0-6 and 1-6; 
the average values of t, and ¢, happened to be equal (39 msec). 

It seems probable, therefore, that the decay of the s.j.p. is governed by the 
electrical properties of the membrane, or in other words, that the transmitter 
action does not outlast the rising phase of the s.j.p. The decay of the s.j.p. is 
thus analogous to the passive decay of the end-plate potential (Fatt & Katz, 
1951); the slower time course of the s.j.p. (as compared with an e.p.p. recorded 
focally) is due largely to the distributed innervation of the slow fibre. 
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Rectifying properties of the slow fibre membrane 
Fig. 7 shows a series of electrotonic potentials produced by opposite and 
approximately equal currents. These records (and the tracings in Fig. 3) show 
that the slow fibre membrane behaves as a rectifier, having a greater resis- 
tance to anodic currents than to cathodic currents. The records are analysed 
in Figs. 8 and 9 from which it is evident that the relation between membrane 
current and potential is markedly non-linear, the resistance being increased 


Fig. 7. Rectification by the slow fibre membrane. Electrotonic potentials, V, produced by oppo- 
site but approximately equal currents, J. Depolarization upwards. The current strengths 
are indicated in each record in 10-* A. Resting potential, 57 mV. (R. temporaria). (See 
also Fig. 3.) 


by hyperpolarization and decreased by depolarization. The degree of rectifica- 
tion, although rather variable from fibre to fibre, is of the same order of 
magnitude as that in the squid axon. In the experiment illustrated in Fig. 9, 
for example, the ‘slope resistance’ (dV/di) is about four times its resting 
value at a hyperpolarization of 30 mV, and falls to about one-tenth of its 
resting value at large depolarizations. Corresponding values for the squid 
axon, from an example given by Hodgkin, Huxley & Katz (1952), were 3-7 
and 0-05, 

It seems likely that as in the squid axon (Hodgkin, Huxley & Katz, 1949; 
Hodgkin & Huxley, 1952), rectification in the slow fibre is due to changes in 
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permeability of the membrane to potassium ions, and that the rectification 
occurs with a delay. The phase of hyperpolarization following a catelectro- 
tonic potential or an s.j.p. would then be directly analogous to the positive 
phase of the action potential in the squid axon (see Hodgkin, 1951). Accord- 
ingly, it arises because of ‘delayed rectification’ and the fact that the resting 
potential of the slow fibre is smaller than the K equilibrium potential. In 
support of this view, changes in the external K concentrations were found to 
have reversible effects on the phase of hyperpolarization: in K-free Ringer’s 
solution, the ratio hyperpolarization/depolarization of the s.j.p. was increased 


60-+- 
V (mY). 
Hyper— 
20~ / polarization 
1 (10% A) 
20 
+ 
Depolarization | 
80 
L100 


Fig. 8, Voltage/current relation for the fibre illustrated in Fig. 7. Abscissa (J), current strength 
in 10-* A; ordinate (V), displacement from the resting potential in mV. 


by about 10%; in Ringer’s solution containing 8 mm-K (four times its normal 
K concentration) this ratio was reduced to about 40% of its normal value. 
Furthermore, replacement of four-fifths of the NaCl in the bath solution with 
“isotonic sucrose’ had no effect on the amplitude of the hyperpolarization, 
which suggests that neither Na nor Cl ions make any significant contribution 
to this phase. 

The initial ‘hump’ of the catelectrotonic potentials can also be explained 
by ‘delayed rectification’. In Fig. 2, for example, the depolarization shortly 
after the beginning of the larger current pulses is greater than its final steady 
value because the decrease in resistance on depolarization takes an appreciable 


suc 
toni 
4 due 
Al 
the 
beca 
Fi 


ELECTRICAL PROPERTIES OF SLOW FIBRES 595 


n time to develop to its full extent. The increase in the size of the ‘hump’ in 
)- successive records and the similar increase in the rate of decay of the electro- 
e tonic potential and in the amplitude of the hyperpolarization (see Fig. 2) are 
l- due to the enhanced degree of rectification with increasing depolarization. 
g Alternatively, it might be supposed that there is no delay in the onset of rectification and that 
n the ‘hump’ is entirely due to a transient increase in Na permeability. This seems improbable 
oO because the ‘hump’ still occurs even when the membrane potential is reversed to 60 mV, a 
's potential likely to be above the Na equilibrium potential. This, however, does not rule out the 
; possibility that some increase in Na permeability occurs during the ‘hump’. 
2 
i 44. Hyperpolarization 
100 90 80 70 60 50 40 30 204.1 10 20 30 40 50 60 
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Fig. 9. Relation between membrane current density and membrane potential for the fibre illus- 
trated in Fig. 7. Abscissa (V), displacement from the resting potential in mV; ordinate, (i), 
current density in arbitrary units (i.e. current per unit area of membrane which would 
result from a uniform change in potential (V) over the whole length of the fibre). The rela- 
tion calculated from Fig. 8, was derived from the fact that ioc J.dJ/dV, even where the 
membrane resistance is non-linear (Cole & Curtis, 1941). If the specific resistance of the 
myoplasm (R,) and the diameter of the fibre (¢) were known, i would be given by 


aI 
By way of example, if R, were 250 Q cm (as in the fast fibre—Bozler & Cole, 1935; Katz, 


1948) and the diameter were 50, each unit of current density would be equivalent to about 
38-2 
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The time-course of the catelectrotonic potential depends on the rate and degree of rectification 
and the ‘time constant’ of the membrane. The initial ‘hump’ may be absent (e.g. Fig. 5B), 
although (a) the voltage/current relation shows that the membrane is rectifying, and (b) the 
depolarization decays diphasically, which suggests that the rectification is ‘delayed’. On some 
occasions (e.g. in Fig. 7) the anelectrotonic potential decays with a phase of depolarization: this 
arises in an analogous way to the hyperpolarization following the catelectrotonic potential. 

The fact that rectification occurs with a delay is illustrated in a slightly 
different way in Fig. 10. Cathodic current pulses of different duration have 
been passed through the membrane, leading to approximately the same 
depolarizations. (In fact, the shorter depolarizations were made slightly 


Fig. 10. The effect of the duration of a depolarization on the amplitude of the following hyper- 
polarization. Resting potential, 46 mV. Cathodic current pulses of increasing strength and 
decreasing duration were passed through the membrane, leading to approximately the same 
depolarization at the end of each pulse. The beginning and end of each pulse is marked by 
arrows. Pulse durations: A, 230 msec, B, 60 msec, C, 16 msec (R. esculenta). 


larger to compensate for the difference in the spatial distributions of the 
potential (see Hodgkin & Rushton, 1946)). During the shorter current pulses, 
as a result of the time lag between resistance changes and potential changes, 
the rectification did not develop to its full extent. In consequence, the hyper- 
polarizations in (B) and (C) were smaller than that in (A). 


DISCUSSION 
The response of the slow fibre to applied currents resembles that of the squid 
axon when the axon has been made inexcitable by bathing it in ‘choline sea- 
water’ (Hodgkin et al. 1949). Thus the slow fibre membrane is, as a rule, ‘inex- 
citable’, and it has the property of ‘delayed rectification’. The inexcitability 
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of the membrane is not an entirely unexpected finding, in view of its response 
to tetanic stimulation of the motor nerves, described by Kuffler & Vaughan 
Williams (1953a). They found that the membrane could be depolarized by 
up to half its resting potential (the maximum depolarization that could be 
obtained by repetitive nerve stimulation) without producing an action 
potential. It was conceivable, however, that this degree of depolarization 
was ‘subthreshold’ or, alternatively, that, as a result of their low resting 
potentials, slow fibres are in a state of cathodal depression. These possibilities 
have now been ruled out by the failure of large depolarizations to produce 
action potentials, even after a preliminary period of hyperpolarization. 

Our results also account for the way in which the depolarizations caused 
by nerve stimulation decay. Thus an s.j.p. decays with apparently the same 
time-constant as a catelectrotonic potential of the same size, and both de- 
polarizations are followed by hyperpolarizations similar in duration and mag- 
nitude. Evidently the decay of the s.j.p. is governed by the ‘delayed rectifier’ 
property of the membrane, and is not the result of any special action of the 
neuromuscular transmitter. The same property accounts for the fact that, 
with increasing amplitudes, the depolarization due to repetitive nerve stimu- 
lation decays more rapidly and with an increasing amplitude of hyper- 
polarization (Kuffler & Vaughan Williams, 1953). 

The fact that the phase of hyperpolarization of the s.j.p. can be altered by 
changes in the external K concentration and is indifferent to changes in the 
external NaCl concentration suggests that, as in the squid axon, delayed 
rectification in the slow fibre is due to changes in permeability to K ions, and 
that the resting potential is below the K-equilibrium level. The similarity 
between the degrees of rectification (p. 593) supports the idea that a similar 
permeability change occurs in both preparations. 


SUMMARY 


1. The electrical response to applied currents of slow muscle fibres in the frog 
has been investigated with intracellular electrodes for polarizing and recording. 

2. When ‘cathodic’ currents are passed through the membrane, the fibre 
can be depolarized to zero potential or beyond without, as a rule, producing 
action potentials. The failure of nerve stimulation to elicit propagated re- 
sponses therefore reflects the ‘inexcitability’ of the membrane. 

3. The membrane resistance decreases with depolarization and increases 
with hyperpolarization. The catelectrotonic potential often initially exceeds 
its steady level and it decays with a phase of hyperpolarization. This shows 
that ‘delayed rectification’ occurs in the slow fibre. The diphasic decay of 
the s.j.p. is due solely to this property and not to any special effect of the 
neuromuscular transmitter. The ‘delayed rectification’ is probably due to 
changes in permeability to K ions. 
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THE ACTION OF THE NEUROMUSCULAR TRANSMITTER ON 
THE SLOW FIBRE MEMBRANE 


By W. BURKE anp B. L. GINSBORG 
From the Biophysics Department, University College London 
(Received 10 February 1956) 


By investigating the effect of varying the membrane potential on the end- 
plate potential in ‘twitch’ fibres, Fatt & Katz (1951) and Castillo & Katz 
(1954) have shown that the neuromuscular transmitter produces a relatively 
non-selective increase in permeability at the end-plate which drives it to- 
wards an equilibrium potential some 10-20 mV below zero. In the present 
work an attempt has been made to find out whether the same type of process 
is responsible for the small-nerve junctional potential (s.j.p.) in slow fibres. 
A preliminary account of the experiments has been published (Burke & 
Ginsborg, 1955). | 

Depolarization of the slow fibres does not result in propagated electrical 
or mechanical responses, The membrane potential may therefore be set at 
different levels by applying ‘rectangular’ pulses of current, without the com- 
plication of action potentials or twitches. The effect of varying the membrane 
potential on the s.j.p. may then be investigated by superimposing it on 
different steady electrotonic potentials. 


METHODS 


Two microelectrodes were inserted into the same fibre (within 50 of each otber), one for polari- 
zing the membrane and the second for recording. 8.j.p.’s were evoked by selectively stimulating 
the small motor axons which innervate the slow fibres. The experiments were carried out on 
sciatic-iliofibularis preparations taken from Rana temporaria and R. esculenta. The details have 
been described in the preceding paper (Burke & Ginsborg, 1956). 


RESULTS 
The effect of varying the membrane potential on the s.).p. 

Reversal of the .j.p. Fig. 1A illustrates the effect on the s.}.p. of displacing 
the membrane potential from its resting level. When the membrane is hyper- 
polarized (f, g) the s.j.p. is greater than normal (e), when the membrane is 
depolarized (d) the s.j.p. is reduced, and when the depolarization exceeds a 
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certain level the s.j.p. is reversed (a, b, c). The relation between the amplitude 
of the s.j.p. and the membrane potential is approximately linear (Fig. 2). 
This experiment therefore shows that the amplitude Of the s.j.p. is propor- 
tional to the displacement of the membrane potential from a critical level, 
and its deflexion is always directed towards this level. 


Fig. 1. The effect Of Changing tie membrane potential on the s.j.p. The potential is altered by 
passing rectangular current pulses through the membrane. Depolarization upwards. In A 
the s.j.p. is superimposed on the steady part of the electrotonic potential. In B the s.j.p. 
is superimposed on the rising phase of the electrotonic potential; the second trace is of the 
electrotonic potential alone. The s.j.p. at the resting potential is shown in (e), in both A and 
B (fibre I). 


Evidently, as in the fast fibre (Fatt & Katz, 1951; Castillo & Katz, 1954), 
the neuromuscular transmitter causes a reduction in the membrane resis- 
tance of the junctional regions, and shifts their potential towards a new 
equilibrium level. In effect, the transmitter places a shunt across the 
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membrane, in series with a battery of e.m.f. equal to the reversal potential. 
This reduces the potential difference between the initial level and the reversal 
level by a constant fraction and so gives rise to the observed relation between 
the s.j.p. and the membrane potential. 

In Fig. 1B, the reversal of the s.j.p. in the same fibre is shown in a slightly 
different way. Each of records (a)-(d) and (f) shows two successive traces. 
One (the lower in (6)-(f), the upper in (a)) is a record of an electrotonic poten- 
tial, the other shows the potential produced by the same current with an 


60+ 
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Fig. 2. The relation between the amplitude of the s.j.p. and the membrane potential for the 
fibre illustrated in Fig. 1. Abscissa (V): displacement of the membrane potential from its 
resting level (mV); ordinate: amplitude of the s.j.p. (mV). 


8... superimposed on its rising phase. In (a) the effect of the transmitter is 
to reduce the depolarization produced by the applied current; in (b) the 
transmitter imcreases the depolarization. At some potential between the 
levels at which the transmitter is released in (a) and (6) its effect on the mem- 
brane potential is reversed. Within the attainable accuracy of the measure- 
ment the reversal level is the same as in Fig. 1A. 

The ‘shunting action’ of the transmitter is demonstrated directly in (c). 
The steady level of the electrotonic potential produced by the applied current 
alone is just below the reversal level. When the transmitter is released on the 
rising phase the same level is reached more quickly and then maintained. The 
‘time constant’ of the membrane has been momentarily reduced as a result 
of a transient reduction in its resistance. 

The short duration of the action of the transmitter is also shown in (a). 
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In the lower trace the level at which the transmitter is released is close to the 
reversal level: the reduced resistance of the membrane, due to the shunting 
action of the transmitter, prevents the electrotonic potential from increasing 
for a period equal to the rise time of the s.j.p. When this period is over the 
electrotonic potential continues to rise with the same time course as obtained 
in the absence of nerve stimulation. Evidently, as was concluded in the 
preceding paper, the action of the transmitter on the membrane does not 
outlast the rising phase of the s.}.p. 

The effect of rectification. A peculiarity of the fibre used in the experiment 
illustrated in Figs. 1 and 2 is that it showed little sign of rectification. As a 
rule, however, the membrane resistance of the slow fibre increases with hyper- 
polarization and decreases with depolarization (Burke & Ginsborg, 1956); 
this must be expected to complicate the relation between the amplitude of 
the s.j.p. and the steady potential at which the s.j.p. is evoked (cf. Castillo & 
Katz, 1955). If the ‘shunt’ placed across the membrane by the action of the 
transmitter is of fixed size, it should be relatively more effective in reducing 
the potential difference across the membrane (strictly, the p.d. between the 
initial and reversal levels), the greater the membrane resistance. The s.}.p. 
should therefore be a progressively greater fraction of the membrane potential 
as the membrane is hyperpolarized, and a progressively smaller fraction as 
the membrane is depolarized. Fig. 2 illustrates this effect to a slight degree 
only, but in more typical experiments the effect was much larger. Fig. 3 
shows the records obtained from a fibre which rectified to a more marked 
extent (the membrane resistance fell to a quarter of its resting value at a 
depolarization of 30 mV). The records are similar to those shown in Fig. 1 A, 
but the relation between the s.j.p. and the membrane potential is more 
markedly non-linear (Fig. 4): with increasing depolarization the s.j.p. is a 
progressively smaller fraction of the membrane potential. 


The reversal potential 


Results similar to those illustrated in Figs. 1A and 3 were obtained from 
ten fibres: when the depolarization exceeded a critical level the s.j.p. was 
reversed; and the amplitude of the s.j.p. at any other level was approxi- 
mately proportional to the displacement of the membrane potential from the 
reversal level. The experimental procedure caused a considerable decline in 
the resting potential of the fibres (see cols. 2 and 3, Table 1, p. 608), but this 
did not appear to affect the reversal level (col. 5, Table 1) in any systematic 
way. In six fibres this level (determined by interpolation) was within 6 mV 
of zero; in the remaining four it differed from zero by greater amounts (10 mV 
to —35 mV) (potentials in the direction of the resting potential are regarded 
as negative). The average value was —7 mV. 
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Fig. 3 Fig. 4 


Fig. 3. The effect of changing the membrane potential on the s.j.p. in a slow fibre sh owing marked 
rectification (fibre IV) (see text). 


Fig. 4. The relation between the amplitude of the s.j.p. and the membrane potential for the 
fibre illustrated in Fig. 3. Abscissa: depolarization (mV); ordinate: amplitude of the s.j.p. 
(mV). 


These results are consistent with the idea that the s.j.p. is the result of an 
increase in permeability at the junctional regions which drives their potentia] 
towards an equilibrium level near to zero. The transmitter might, for example, 
cause a non-selective increase in permeability; the equilibrium level would 
then be below zero, probably at about —15 to —20mV (Castillo & Katz, 
1954). If the transmitter caused an increase in permeability to sodium ions 
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alone the equilibrium potential would be above zero. To distinguish between 
the possible actions of the transmitter it is necessary to determine the value 
of the equilibrium potential, which is not, as was first thought (Burke & 
Ginsborg, 1955), identical with the reversal potential in the case of the 


present experiments. 


The relation between the equilibrium potential and 
the reversal potential 


If the action of the transmitter were confined to a single point at which 
the current and recording electrodes were inserted, or alternatively, if the 
current pulse produced a uniform change in membrane potential over the 
length of the fibre, the potential at which the s.j.p. was annulled would be 
identical with the equilibrium potential. The situation in the fast fibre corre- 
sponds to the first alternative, but the slow fibre has a distributed innervation 
and the neuromuscular transmitter drives the membrane towards the equili- 
brium potential over the whole length of the fibre. Since the current is 
applied at a point only, the electrotonic potential falls off with distance from 
the polarizing electrode. Thus when the depolarization recorded at the site of 
the current electrode just reaches the equilibrium depolarization the electro- 
tonic potential in regions adjacent to the electrode will be smaller than the 
equilibrium depolarization and will therefore not be sufficiently large to 
balance out the contributions towards the s.j.p. from the active junctions in 
these regions. It is therefore apparent that the reversal sggrenyacscan will 
be greater than the equilibrium depolarization. 


Analysis of the effect of the distributed innervation 

A. Experimental model. To calculate the effect of multiple innervation on 
the relation between the reversal and equilibrium potentials, some assump- 
tion must be made about the distribution of small nerve junctions along the 
slow fibre. The spatial uniformity of the s.j.p. (Kuffler & Vaughan Williams, 
1953; Burke & Ginsborg, 1956) suggests that to a first approximation 
the junctional regions are sufficiently close together to be regarded 
as a continuous strip of the membrane. The electrical analogue of the 
fibre is then a continuous series of elements such as that shown in 
Fig. 5. 

The experiments illustrated in Fig. 1 have been repeated on an artificial 
line made up of fifty such sections, with the results as shown in Fig. 6. 
In the model the value of the equilibrium depolarization is, of course, 


known, and it can be seen that it is lower than the reversal depolariza- 
tion. 
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Fig. 5. Element of model of the slow fibre of length Az. EZ,, resting potential; r,,, membrane 
resistance x unit length; C, membrane capacity per unit length; r,, internal resistance per 
unit length; Z,, equilibrium potential (to which the small nerve junctional regions are driven 
by the neuromuscular transmitter); r,, resistance of ‘activated’ junctional region of the 
membrane x unit length. The action of the transmitter is regarded as closing the switch Sw. 


Fig. 6. The effect of electrotonic depolarization on the amplitude of the s.j.p. in an experi- 
mental model. The model consisted of fifty consecutive sections such as that shown in Fig. 5. 
The components were: r,,=6 MQ, r,=1 MQ, C= 5 myF, r,=5 kQ. The 8.j.p. was produced 
by closing a relay for a period of 5-5 msec. The electrotonic depolarizations were produced by 
applying constant current pulses across one end of the line and the potential was recorded 
at the same point. The equilibrium depolarization, V,, was recorded directly. The reversal 
depolarization in (a) is at the level of the trace immediately above Vo. 


| 
Ax 
r 
Sw 
> 
| 
: 
. 
x 
2 


606 W. BURKE AND B. L. GINSBORG 
B. Mathematical analysis. It is convenient to measure potentials from the 
resting base-line, depolarizations being taken as positive. 
Let V, =H,—Z,, the equilibrium depolarization. 
V p=the reversal depolarization. 
k =f,,/f,. 
t =the interval for which the switches, Sw, are closed. iz 
t, =r,,C, the time constant with Sw open. 


ty —"m's C = 4 the time constant with Sw closed. 


1+k’ 
In the absence of an applied current, the amplitude of the s.j.p., V,, is given 
by k t 
(1) 


V, is known, and the ratio of the rise time of the s.j.p. to the decay time to 
1/e gives an estimate for ¢/t,. Taking V, equal to V, as a first approximation, 
eqn. (1) may be solved numerically for k. In practice, all the results were 
covered by the ranges: 0-2.<t/t, <0-3; 0-16 <V,/V,< 0-50; whence 0-1 <k< 10. 
(Using a better approximation for V,, i.e. V,=0-7 V,, determined subse- 
quently, 1-6<k<6.) 

If the line is sufficiently long, when a constant current J is applied to the 
mid-point, the steady potential V, recorded at this point is given by 


Vi (2) 
If the switches are now closed at time t=0, the amplitude of the super- 


imposed 8.j.p. is equal to the change in potential after time ¢. This change, 
V,, is given by 


where (x) =e” erfe ./z, a function which is tabulated in, for example, Cars- 
law & Jaeger (1947). We are indebted to Mr L. A. Wigglesworth who kindly 
derived this expression for us. 

Eqn. (3) shows that the relation between the s.j.p. and the steady potential 
at which it is evoked is linear, the slope being given by the coefficient of V,. 
Now V,=V, when V,=0; V,/Vz is therefore equal to the ratio of the 
coefficient of Y, to that of %. %/Vz depends on the two parameters, k and 
t/t,, but is fortunately very insensitive to them. With 0-2 < t/t, <0-3 and 0-1< 
k<10, K/Vp_ lies between 0-7 and 0-8. (It can be shown that for all values 
of k and t/t,, 0-5< W/V, <1.) 

The theoretical model does not correspond in an exact way to the slow 
fibre. Probably the most serious discrepancy is that the model does not take 
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account of the variation in the membrane resistance, r,,, with potential. An 
attempt to estimate the effect of rectification on V,/Vz has been made by 
assuming that r,, changes uniformly over the whole length of the fibre when 
¥, is altered, but does not change further during the rising phase of the 
superimposed s8.j.p. Allowing for a maximum reduction in r,, (at V,) to 0-2 
of its resting value, the minimum value of V/V, for the present results was 


‘about 0-6. An example of the calculated effect of rectification of this type 


2 
V, 
08 - 
06- 
02+ 
73 12 08 04 12 


0 
0:2-+ Hyperpolarization 
Depolarization 


Fig. 7. Theoretical relation between the amplitude of the s.j.p. and the membrane potential. 
Abscissa (V,): displacement of membrane potential from the resting level; ordinate V,: 
amplitude of the s.j.p. Both V, and V, are measured as fractions of the equilibrium 


depolarization, V,. A: non-rectifying fibre, t/t, -0-2, k=4. B: rectifying fibre; parameters 
at the resting potential as in A, but the membrane resistance is assumed to change with 
membrane potential by the factors indicated on the graph at the different points (see text). 


on the relation between V, and V, is shown in Fig. 7: A would apply to a 
non-rectifying fibre for which t/t, =0-2, k=4; B would apply to a rectifying 
fibre with the same characteristics as A at the resting potential, but with a 
membrane resistance which varied with membrane potential in the way in- 
dicated in the figure (cf. Figs. 2 and 4). 


Numerical values for the equilibrium potential 

This analysis shows that the equilibrium depolarization (K) probably lies 
between 0-6 and 0-8 of the reversal depolarization (Vz). The upper value 
would apply to a non-rectifying fibre with a highly effective transmitter 
action, and the lower to a fibre showing marked rectification and a poor 
transmitter action. No attempt has been made to determine the appropriate 
factor for each experiment, but the probable range for the equilibrium potential 
(Z,) was determined by subtracting 0-6 V, and 0-8 V, from the resting 
potential. The individual results are shown in Table 1. There is a large scatter 
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(0 mV to —42 mV), but this is to be expected since the degree of rectification 
and of transmitter action varied from fibre to fibre. The average value of £, 
lies between —12 mV and —18 mV. The results from fibre VII appear to be 
anomalously low, and, if these are excluded, at least part of each individual 
range for E, lies between —7 and —21 mV. 


Tanz 1. Values for the equilibrium potential. Col. 2 gives the initial resting potential on inserting 
the recording electrode: col. 3, the resting potential at the time the first reversed 8.j.p. was 
recorded, estimated from the initial and final resting potential and the shift in the base line 
during the experiment. Col. 4, the depolarization necessary to annul the s.j.p., determined 
by graphical interpolation as in Figs. 2 afi 4. Col. 5, the potential at which the s.j.p. was 
annulled, col. (3) + col. (4). Col. 6, the range in which the equilibrium potential probably lies: 
(a), (col. 3) +0-8 x (col. 4). (6), (col. 3) +0-6 x (col. 4). 


Reversal (mV) 
Initial Reversal potential (inside— 
resting resting (mV) outside) 
potential potential JV (inside- (6) 
Fibre (mV) (mV) outside) — 
(1) (2) (3) (4) (5) (a) (0) 
I ? — 25 20 -5 -9to -13 
Il -40 -31 30 -1 -Tto -13 
Ill — 60 — 25 30 +5 -lto -7 
— 46 55 +9 -2to -13 
Iv* 56 42 56 +10 +3 to -8 Oto -10 
- 35 42 +7 -lto -10 
-40 31 -9 -15 to -21 
VI — 65 — 43 49 +6 -4to -l4 
60 23 37 -42 to -46 
VII*t 60 21 — 36} -—35 - 40 to -39 to -42 
43 10 33 -~35 to -37 
Vill 52 35 17 -18 -21 to -25 
Ix —45 - 28 25 -3 -8to -13 
x 56 42 36 -13 to -20 
-12to -18 


Mean ~15 
* Multiple determinations; one or both electrodes were removed between each series of records. 
The results have not beef given additional weight. 


+t Some of the small motor nerves were blocked to eliminate a slow movement artifact. 


A second quantity of interest which the analysis provides is the additional 
conductance due to the active junctions (1/r,) relative to the conductance of 


the resting membrane (1/r,,). The average value of r,,/r, was 3 (varying 
between 1-5 and 6). 3 


DISCUSSION 


The results show that the action of the neuromuscular transmitter drives the 
junctional regions towards an equilibrium potential, probably between — 10 
and —20 mV, and produces an additional membrane conductance of about 
three times the resting conductance. The value of the equilibrium potential 
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is in agreement with that found for the end-plate in the fast fibre (—10 to 
—20 mV) by Castillo & Katz (1954) who have discussed its implications in 
detail. If the ionic concentrations in the slow fibre are similar to those in the 
fast fibre, the result is compatible with the idea that the transmitter causes: 
(a) a non-specific increase in permeability to all the diffusible ions on either 
side of the membrane, or (6) a specific increase to Na and either K or Cl ions. 
The result is not compatible with the view that the transmitter increases the 
permeability to Na ions alone. 

Taken in conjuction with the absence of a regenerative response, the results 
explain why tetanic stimulation of the small motor nerves is unable to de- 
polarize the slow fibre beyond about half its resting potential (Kuffler & 
Vaughan Williams, 1953). Since the equilibrium level is at about —15 mV, 
the maximum theoretical depolarization that nerve stimulation could pro- 
duce in a fibre with a resting potential of —60 mV is 45 mV. However, this 
depolarization could be attained only if the resistance of the active junctional 
regions fell to zero; in practice the maximum depolarization must be smaller. 


SUMMARY 


1, The action of the neuromuscular transmitter on the slow fibre membrane 
has been studied by investigating the effect on the small-nerve junctional 
potential (s.j.p.) of displacing the membrane potential. Intracellular elec- 
trodes were used for polarizing the membrane and recording. 

2. When the membrane was depolarized to a particular level, the ‘reversal’ 
level, the s.j.p. was annulled. At any other level the amplitude of the s.}.p. 
was proportional to the displacement from the reversal level, and its deflexion 
was directed towards this level. This result shows that the transmitter reduces 
the resistance of the junctional regions of the membrane and drives them 
towards a new equilibrium potential. 

3. A theoretical and an experimental analysis of a model of the slow fibre 
membrane show that in this particular case the reversal potential and the 
equilibrium potential are not identical. An approximate relation between 
them is derived. 

4. The average value of the equilibrium potential (in ten fibres) was —15 
mV. This value is intermediate between the equilibrium potentials corre- 
sponding to a ‘ K- (or Cl-) selective’ and a ‘ Na-selective’ membrane, and there- 
fore indicates that the s.j.p. is the result of an increase in permeability of the 
junctional regions of the membrane to more than one ionic species. 

We are deeply indebted to Prof. B. Katz for advice and encouragement. We also wish to thank 
Mr J. L. Parkinson for unfailing assistance. This work was supported by a grant made by the 


Nuffield Foundation. One of us (B.L.G.) held a Stothert Research Fellowship of the’ Royal 
Society during the course of this work. 
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THE REFRACTORY PERIOD OF ATRIA ISOLATED FROM 
MAMMALIAN HEARTS 


By G. 8. DAWES anp J. R. VANE* 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 13 February 1956) 


Towards the end of the Second World War there threatened to be a shortage of _ _ 


quinidine, and a search was therefore made for synthetic substitutes. A method 
was devised to measure-the quinidine-like activity of drugs upon isolated atria 
by estimating the maximum rate at which they would respond to a series of 
strong stimuli applied for 10-15 sec (Dawes, 1946). This method was reasonably 
satisfactory for measuring relative activity, since it was found empirically that 
the relation between the percentage reduction in maximal rate and the 
logarithm of the drug concentration was approximately linear, and that the 
slopes of the regression lines were nearly equal. However, it was by no means 
clear what the relationship was between the maximal rate measured by this 
method and the sefractory period as determined by interpolating a test stimu- 
lus between a series of normal beats. Experiments have therefore been carried 
out to determine this relationship, and it was soon discovered that even the 
determination of refractory period by the interpolation of a single test stimulus 
was by no means a simple or exact procedure even when the experimental 
conditions were carefully defined. The following paper describes the effect of 
variations in the experimental conditions upon the measurement of refractory 
period in isolated atria. 
METHODS 

Most experiments were performed on atria isolated from the hearts of guinea-pigs or rabbits; a few 
from cats and rats were also used. The animal was killed by a blow on the head and the heart was 
removed. The atria were freed from adjacent tissue, washed in warm Ringer-Locke solution and 
transferred to a Perspex chamber containing Ringer—Locke solution. Water from a thermostatically 
eontrolled bath was circulated through an outer jacket to maintain the temperature constant. The 
preparation usually took from 2 to 4 min. The muscle was tethered by silk threads tied to the tip 
of each auricular appendage, and sometimes at other points. It lay on a Perspex lattice through 
which a stream of oxygen was bubbled from a sintered glass distributor. Such preparations 
beat regularly for many hours. In other experiments the left atrium was used alone, sometimes 
intact and sometimes opened into a flat plate of tissue by splitting along one edge. 

* Stothert Research Fellow of the Royal Society: Present address, Department of Pharmaco- 
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One or more electrodes were carefully applied to the surface of the atria, since even slight pres- 
sure distorted the form of the action potential. The electrodes were made either of silver or plati- 
num wire, 0-25 mm diameter, insulated to their tips with glass or polythene tubing, and were used 
interchangeably for either stimulating or recording. In experiments where an electrode was used 
for both stimulating and recording at the same time, it was made of glass capillary tubing filled 
with gelatinized KCI solution, leading to a silver-silver chloride junction. The electrodes were 
mounted in manipulators attached to a single rod traversing one side of the bath. The potential 
changes detected by the recording electrodes were fed into conventional capacity-coupled 
amplifiers and displayed on one beam of a cathode-ray oscilloscope. Time signals of 1 and 10 msec 
intervals were generated from a 1000 c/sec valve-maintained tuning fork, and were displayed on 
the second beam of the oscilloscope. 


z Tuning fork 1000 c/s 


Sync: 


— Pulse frequency oscillator = 


_Seimulus A] 


}-—{ 
Slow | 
Fast 
biel 
| x, 


| 


Fig. 1. Block diagram of method used to display a sequence of stimuli and their responses. The 
oscilloscope displays an actual record (retouched), in which a test stimulus (fourth line from 
bottom, Y sweep moving upwards) was interpolated every eighth conditioning stimulus. The 
Y sweep flyback. Time-marks 

msec, 


Two or three interlocked stimulators were used to produce constant current negative pulses of 
independently variable strength and duration. The fluid in the bath was earthed by a large silver 
plate and the stimulus was applied between a single electrode on the tissue and earth. The atria 
were driven by one of the stimulators, the repetition rate of which was synchronized with the time 
signals so that both the latter and the stimulus artifact maintained a constant position on the face 
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of the oscilloscope tube. This conditioning stimulus A was followed at an adjustable, predetermined 
interval by a second stimulus B to test the recovery of excitability of the tissue. These two stimu- 
lators were linked so that the test stimulus B could be introduced after every stimulus A, every 
second, fourth or eighth A, every time a switch was depressed, or not at all. A third stimulus, C, 
could also be introduced to follow or precede stimulus A or B at a variable interval. In some experi- 
ments the amplifier output was also fed to the Y, plate of an oscilloscope with a long after-glow 
tube whose Y, plate was connected to a slow time-base. The speeds of the X and Y time-bases 
were adjusted so as to display a complete sequence of operations. This proved an extremely useful 
method, and Fig. 1 illustrates the principle in an experiment in which the test pulse B was intro- 
duced after every eighth conditioning pulse A. 


| Tuning fork 1000 division}: 


| Slow time-base | | Fast time-base }—{1:10division| |<— 100 msec —>| 
X,4 


Delay 


| 
seimun 


Uniselector movement 


Fig. 2. Block diagram of method used to interject ten very rapid stimuli of independently variable 
strength, 100 msec apart. The atria are normally excited by the driving stimulator at just 
above their spontaneous frequency. Pressing the switch S actuates a relay which starts the 
slow Y sweep time-base (Fig. 1), and begins the train of stimuli. The strength of each stimulus 
can be varied by potentiometers (only three are shown), which are switched into the current 
generator in succession. 


In other experiments the minimum effective strength of each of a succession of ten rapid stimuli 
100 msec apart, was measured. The atria were driven at a low frequency by one stimulator. At a 
given moment the depression of a switch (S, Fig. 2) interpolated the series of ten rapid stimuli, the 
first of which was delivered within about 10 msec of the time when one of the driving stimuli 
would otherwise have arrived. A post-office uniselector was used to switch each one of a series of 
ten potentiometers successively into the output circuit of the second stimulator, in between the 
generation of each pulse and the next. The strength of each stimulus was thus adjustable independ- 
ently. The complete sequence of ten stimuli and responses was displayed by the method illustrated 
in Fig. 1, as shown in Fig. 6. 

Definition of terms. The expression ‘absolute refractory period’ will be used to denote the time 
interval after an effective stimulus during which a second stimulus of high strength is ineffective. 
The ‘relative refractory period’ is that period following an effective stimulus during which 
& propagated disturbance can only be elicited by a stimulus of greater strength than threshold. 


| RESULTS 
The Ringer-Locke solution in the bath was replaced frequently with fresh 
solution: the refractory period was unaffected by these changes as long as the 
temperature was kept constant. The following variables were explored: the 
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frequency, duration and strength of the conditioning stimulus (A), the 
frequency of the test stimulus (B) and the temperature of the bath. The 
strength of stimulus B was varied to determine the excitability of the tissue. 
The results obtained were.similar whether both atria or the isolated left atrium 
- were used; the latter did not beat spontaneously and was particularly useful 
for examining the effects of low frequencies of stimulation. 


The recovery of excitability 
At a temperature of 37° C the strength of the conditioning stimulus A was 


increased until it would just excite, and the frequency was increased until the 
preparation followed every stimulus. This happened at a rate slightly faster 


than the natural rhythm, usually between 180 and 250 per min. The duration | 


of each stimulus A and B was fixed at between 0-5 and 5-0 msec. 


| | 


rn 
' 


—_ 


Minimum effective surength of 
test stimulus B (mA) : 


0 50 700 150 
Interval between stimuli AB or responses a/b! (msec) 
Fig. 3. Isolated rabbit left atrium driven by a conditioning stimulus A (0-3 mA, 1 msec duration). 
The recovery of excitability was measured by interpolating a test stimulus B (1 msec 
duration). 


The test stimulus B was introduced at a predetermined long interval (say 
250 msec) after every eighth A and the strength was increased until a response 
was obtained to each such stimulus (Fig. 1). The A-B interval was then 
decreased by 5-10 msec and the observation was repeated. The excitability of 
the tissue at known time intervals after a conditioning stimulus was thus 
measured. A typical record of the relationship between the A-B interval in 
msec and the minimum strength of stimulus B needed to excite is shown in 
Fig. 3. At strengths of stimulus B greater than 1-0 mA the curve rises almost 
vertically. Stimuli of greater strength than 3-5 mA were never used since they 
burnt the tissue and changed the threshold irreversibly. In hundreds of 
observations made with atrial tissue under these conditions curves of the type 
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shown in Fig. 3 were always obtained. They were smooth except in two experi- 
ments, in which there was, for a period of a few minutes only, a small reduction 
in the minimum effective strength of stimulus B, producing a trough in the 
ourve early in the relative refractory period. This did not fall below the mini- 
mum strength required outside the relative refractory period. In the experiment 
shown in Fig. 3, the threshold was 0-14 mA (1 msec duration), the absolute 
refractory period 85 msec and the relative refractory period 85-130 msec. 


12° 
378°C 
a 20 40 60 80 100 


Interval between stimuli (msec) 

Fig. 4. Isolated rabbit atria driven by a conditioning stimulus A (0-18 mA, 5 msec, 4/sec). The 
recovery cf excitability was measured by interpolating a test stimulus B (5 msec duration; 
1:1A, 1:2A, 1:8A). It was also estimated by plotting the minimal effective strength of 
stimulus A (when a train of pulses were applied for 5 sec) against the interval between such 
stimuli at various frequencies. 


The effect of increasing the frequency of test stimulus B on the recovery of 
excitability 

When the frequency of the conditioning stimulus A was kept constant, and 
the frequency of the test stimulus B was increased from 1 B:8A to 1B:1A, the 
absolute refractory period lengthened (Fig. 4). There was only a small dif- 
ference between 1B:4A and 1B:8A. In subsequent experiments, the test 
pulse B was introduced as infrequently as was practicable, -usually every 
eighth A, and sometimes, at fast rates of stimulation, even less often. 
- In one method for estimating the effects of drugs on the recovery of excita- 
bility, the maximum rate at which the atria would follow each of a succession 
of powerful stimuli over a fixed period was measured (Dawes, 1946). This 
procedure can be used to provide an interesting comparison with the results 
described in the previous paragraph. One stimulator was used to drive the 
atria at varying frequencies for periods of 5 sec. The interval between stimuli 
has been plotted in Fig. 4 (open circles) against the minimum strength required 
to ensure that the atria responded to each stimulus. The recovery of excitability 
as determined in this way was very much slower than that measured by the 
other method. 
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The effects of changing the frequency of the conditioning stimulus A 
on the absolute refractory period 
Mines (1913) showed that an increase in the frequency of the conditioning 
stimulus decreased the refractory period of frog cardiac muscle. The phenome- 
non has also been explored by Brooks, Orias, Gilbert, Siebens, Hoffman & 
Suckling (1950). 


300 
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12377515 30 60 130 260 315 60 
Frequency of conditioning stimulus A (per min) 


Fig. 5. Isolated quiescent left atrium of rabbit. The absolute refractory period was measured, 
using a conditioning stimulus A (0-1 mA, 1-0 msec) at different frequencies, by interpolating a 
test stimulus (1-0 mA, 1-0 msec). A time-scale for the actual determinations is shown for 
higher frequencies only. 
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In our experiments it proved impracticable to record the whole sequence of 
the recovery of excitability at a large number of different frequencies. This 
was because, after a change in frequency of the conditioning stimulus A, the 
refractory period sometimes altered in a slow and complicated way, taking as 
much as 5-10 min to arrive at a stable value. In order to follow these changes, 
the test pulse B was set at 1-0 mA, and, starting well within the absolute 
refractory period, the A~B interval was gradually increased until B evoked a 
response. The minimum value of the A—B interval was taken as a measure of 
the absolute refractory period. Preliminary experiments showed that the 
A-—B interval : minimum strength B curves at different stimulus A rates were 
of the same shape, so this procedure was justifiable, Increasing the strength 
of the test stimulus B above 1-0 mA did not change the refractory period by 
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more than a few milliseconds. Left atria isolated from rabbits and guinea- 
pigs were used. As these preparations do not beat spontaneously, the re- 
fractory period could be studied at rates of stimulation from as low as 1/min 
up to 10/sec. 

Fig. 5 shows a typical record obtained at 37-5° C on the left atrium of a 
rabbit. At this temperature, the refractory period was greatest when the 
atrium was quiescent for the longest period of time between beats, namely at a 
rate of stimulation of 1/min. A few experiments indicated that, had lower rates 
than 1/min been investigated thoroughly, the refractory period would have 
been longer still. Doubling the frequency of stimulation to 2/min caused a 
decrease in absolute refractory period of 45 msec. Further decreases in 
refractory period with increased rate of stimulation occurred until the fre- 
quency was increased from 60 to 130/min. The immediate effect of the latter 
was to lengthen the absolute refractory period, but during the next 6—7 min it 
decreased to a value still lower than that observed at 60/min. With each further 
increase of rate a similar mixed effect was seen, an initial lengthening followed 
by a gradual reduction, Guinea-pig atria reacted in the same general manner, 
but the changes of refractory period were less. 


The changes in refractory period during the first few stimuli at a high 
frequency of stimulation 

In the maximal rate method for estimating the effect of drugs on refractory 
period, the rate at which the atria were beating was suddenly changed from the 
natural frequency of about 1-2/sec (the experiments were conducted at 27- 
29° C) to the maximal rate at which the tissue would follow each stimulus for 
10 sec (Dawes, 1946). We have seen that this type of procedure lengthens the 
refractory period (Fig. 4). We have also seen that after a change in rate from 
130 to 260/min, the refractory period lengthened for 2 min and then started to 
decrease again (Fig. 5). It was therefore of interest to record the time course 
of the changes in refractory period during the first few beats of a nearly maxi- 
mal frequency of stimulation. 

Two types of experiment were performed on isolated pairs of atria. In the 
first a chain of stimuli, 100 msec apart, were applied to the muscle. The ampli- 
tude of each stimulus was varied independently by a separate potentiometer, 
as described under Methods. The atria were driven at just above their natural 
frequency and then, by depressing a switch, a train of ten pulses at 100 msec 
intervals were introduced instead of the next pulse. Not all the stimuli pro- 
duced a response (Fig. 6a). The potentiometers were adjusted so as to increase 
the strength of those pulses which were ineffective, and after 4 min the train 
of pulses was introduced again. Usually more of the stimuli produced a 
response and the process was repeated until the muscle responded to all ten 
stimuli (Fig. 6b). The strength of each pulse was then recorded and decreased 
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to make sure that it was only just strong enough to excite. By this means the 
minimum effective strengths of the first ten pulses of a chain of stimuli was 
measured. The first pulse was of course outside the relative refractory period 
of the previous driving stimulus, and a strength of 0-1 mA was therefore 
sufficient to excite the tissues. The second pulse was in the relative refractory 
period of the first and needed a strength of 0-65 mA before it would excite. The 
third pulse needed only 0-4 mA and the fourth only 0-35 mA. The strength at 
which each pulse excited the tissue continued to decrease, and the 10th pulse 
excited at a strength of 0-15 mA. As the interval between the pulses was fixed 
at 100 msec, the refractory period of the tissue must have decreased during the 
chain of ten stimuli. Similar results were obtained on five other atria. 


Fig. 6. Isolated rabbit atrium; sudden interpolation of ten stimuli of independently variable 
strength at 10/sec. In (a) there are abnormal responses to stimuli 1 and 4, and the third 
stimulus was far too weak to be effective (note the absence of stimulus artifact). In (b) every 
stimulus is effective. 


The second type of experiment devised to test the immediate effects of 
changing to a maximal rate involved the use of three stimulators, giving 
pulses A, B, and C. The conditioning stimulus A was used to drive the prepara- 
tion in the usual manner. Stimulus B was set at a strength of 2-0 mA and 
introduced after every eighth A. The A-B interval was decreased to the 
minimum at which the muscle would still respond to B. Stimulus C, also at a 
strength of 2-0 mA, was then introduced after every stimulus B and the B-C 
interval was adjusted to the minimum at which C would still elicit a response. 
Thus, the three pulses A, B and C corresponded to the first three pulses of a 
train of stimuli at a maximal rate, with the exception that the intervals between 
them differed slightly. If the B-C interval were longer than the A-B interval, 
then the introduction of stimulus B must have increased the refractory period. 
If the B-C interval were shorter than the A—B interval, then the introduction 
of pulse B must have shortened the refractory period. The results obtained 
were found to vary with the frequency at which the atria were being stimulated 
before the test was made (Fig. 7). At frequencies up to about 12/min the 
refractory period was shortened by the introduction of stimulus B; between 
12 and 100 beats/min the refractory period lengthened; above 100/min, it 
shortened. This last observation confirms the results obtained by the first 
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method, in which the rate was changed from about 200/min to the maximal 
possible. 

To make sure that the effects being recorded were not long-term local 
changes produced near the stimulating electrode, a second electrode was placed 
on a piece of tissue that had previously been excited only by the natural action 
potential. Using the natural action potential as a conditioning stimulus, one 
B-C complex, or sometimes a complete A~B-C complex, was switched to the 
second electrode and all the changes in refractory period described were found 
to be general changes over the whole muscle. 


The effect of temperature on theabsolute refractory period 

The experiments described showed that, when the frequency of stimulation 
(A) was increased, the absolute refractory period might either increase or 
decrease. These changes were very obvious when the temperature was 
lowered. Fig. 8 shows families of curves obtained at different temperatures on 
a single rabbit atrium. At the lower temperatures, the initial increase of 
refractory period was apparent at a much lower rate of stimulation, and the 
secondary decrease (represented by the vertical lines) was greater. It is 
obvious from these figures that if curves are plotted which relate refractory 
period to temperature, then the slope and shape of the curve will depend on the 
rate of stimulation at which the measurement was made, and also upon the time 
allowed for the observation at any given frequency. 


The effect of variations in the strength of the conditioning stimulus (A) 
on the absolute refractory period 


Within certain limits, an increase of the strength of the conditioning stimu- 
lus A reduced the refractory period (Fig. 9). The results of a complete experi- 
ment are shown in Fig. 10. Increasing the strength of stimulus A from 0-1 to 
2-0 mA caused a decrease in absolute refractory period from 74 to 65 msec. 
This was always associated with an even larger decrease, amounting to as 
much as 16 msec, in the interval Aa’ between stimulus A and the action 
potential recorded by an electrode elsewhere on the muscle. Even when the 
duration of stimulus A was only 0-1 msec, the Aa’ interval could be reduced 
from about 20 to 15 msec by an appropriate increase in the strength of stimulus 
A. That this decrease in conduction time was not due to a general increase in 
conduction velocity over the muscle was shown by using a second recording 
electrode still further away from the stimulating electrode. Whereas an in- 
crease in the strength of stimulus A always decreased the conduction time 
Aa’ between the stimulating and first recording electrode, the conduction time 

a'a” between the first and second recording electrodes was unchanged 
(Fig 10). 
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260 130 60 15 37 1 
Frequency of conditioning stimulus A (per min) 


Fig. 7. Isolated quiescent left atrium of rabbit driven by a conditioning stimulus A (<0-5 mA, 
1 msec duration) at varying frequencies. Successive test stimuli B and C (both 2-0 mA, 
1 msec duration) were applied every eighth A and the minimal intervals A-B, and B-C were 
recorded. 


600 428 261 130 60 15 375 1 
Frequency of conditioning stimulus A (per min) 


Fig. 8. Isolated quiescent left atrium of rabbit, driven by a conditioning stimulus A (<0-4 mA, 


1 msec) at varying frequencies. The absolute refractory period was measured at different 
temperatures by interpolating a test stimulus B (2-0 mA, 1 msec). 
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In other experiments the introduction of a second stimulus (C) shortly after 
an effective stimulus A also caused a decrease in the interval between stimulus 
A and the response, Aa’. If stimulus C, 1-0 mA, was superimposed on 
stimulus A, 0-1 mA (which was equivalent to increasing the strength of A), 
the maximum shortening of the Aa’ interval in one experiment was 14 msec. 


A=0-1TmA A=1-0mA 
Fig. 9. Isolated guinea-pig atria, driven by a conditioning stimulus A (3 msec duration, 3/sec). The 
recovery of excitability was measured by introducing a test stimulus B (0-4 mA, 5 msec 
duration, once every fourth A) early in the refractory period. When the strength of A was 
0-1 mA (a) the test stimulus was ineffective, but it evoked a response when the strength of A 
was raised to 1-0 mA (5). 
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Fig. 10. Isolated guinea-pig atria driven by a conditioning stimulus A (0-5 msec duration, 3/sec). 
The recovery of excitability was measured by interpolating a test stimulus B (0-5 msec 
duration, every fourth A). Increasing the strength of stimulus A decreased the interval 
during which a strong stimulus was ineffective. The upper part of the figure shows, diagram- 
matically, the change in action potentials recorded at two points on the muscle. 


The introduction of stimulus C after an effective stimulus A at any interval 
up to 14 msec reduced the Aa’ interval in such a way that the interval Ca’ 
between stimulus C and the response a’ was constant (Fig. 11). This conclusion 
was true in each one of seven experiments. 
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These observations might be explained by any one of three hypotheses: 

(1) As the strength of stimulus A is increased, so the point on the muscle 
at which the response starts might move closer to the recording electrode, 
owing to changes in current density and current spread. 

(2) As the strength of stimulus A is increased, so the time interval between 
the start of the stimulus and the beginning of the response (the latency) might 
decrease. | 

(3) As the strength of stimulus A is increased, the conduction velocity might 
increase locally. | 


> 


L L i i i i L L . 
0 5 10 815 2 «68 30 3S msec 
Fig. 11. Isolated guinea-pig atria at 37° C, driven by a stimulus A (0-1 mA, 1 msec duration, 3/sec 
open rectangles). The figure shows in diagrammatic form the changes in the time of appear- 
ance of the muscle action potential when a second stimulus C (1-0 mA, 0-5 msec duration 
closed rectangles) was interpolated at various times during and after stimulus A. 


Attempts were made to detect the effects of current spread by recording 
from an electrode placed within 1 mm of the stimulating electrode, and moved 
around the latter. Although an increase in the strength of stimulus A reduced 
the Aa’ interval, the stimulus artifact and the response never became coinci- 
dent. Ifthe decrease in the Aa’ interval were accounted for entirely by current 
spread, then, assuming uniform conduction velocity, the propagated impulse 
would have to start about 5 mm away from the stimulating electrode, and the 
whole area within a radius of 5 mm would have to be excited instantaneously. 
Failure to observe this suggested that current spread could not be the only, 
nor indeed the principal, cause of the phenomenon. 

When the response of the muscle was recorded from the stimulating electrode 
by using a balancing circuit to remove most of the stimulus artifact, it was 
observed that with low strengths, well outside the relative refractory period, 
the action potential sometimes started as much as 5 msec after the stimulus 
had ended. When the strength of the stimulus was increased, the stimulus- 
response interval decreased until the response became coincident with the 
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leading edge of the stimulus. The response recorded from the stimulating 
electrode always preceded that from electrodes elsewhere on the muscle, even 
if they were within } mm of the stimulating electrode. 

No evidence was obtained to suggest that the local conduction velocity 
changed with alterations in stimulus strength. And in fact the maximum 
change in the stimulus-response interval, recorded from the stimulating 
electrode, was greater than the maximum decrease in absolute refractory 
period seen on increasing the strength of stimulus A. It is therefore probable 
that the phenomenon is entirely caused by the delay between stimulus and 
response at the stimulating electrode. In other words, if we were to use the 
interval response A-stimulus B, rather than stimulus A-stimulus B, for 
measuring refractory period, then the refractory period as measured would be 
independent of the strength of stimulus A. Changes in the duration of stimu- 
lus A from 0-5 to 50 msec did not alter measurements of the refractory period 
(frequency 3-4/sec, 1B:8 A). 


Changes in test stimulus—response (Bb’) interval 

When the test stimulus B was used to measure the recovery of excitability 
after a conditioning stimulus A, and the response b’ was recorded elsewhere 
on the muscle, the conduction time Bb’ varied in a characteristic manner. As 
B was moved back into the relative refractory period of A, the interval Bd’ 
increased. When a second recording electrode was introduced, even further 
from the stimulating electrode, the conduction time b’b” between the two 
recording electrodes usually did not alter. This showed that the phenomenon 
was not due to a general change in conduction velocity throughout the muscle. 
Thus in one experiment the A-B interval was reduced from 120 to 70 msec, 
and the strength of stimulus B was increased so that the muscle responded. 
The Bb’ interval increased from 23 to 73 msec, while the b’b”’ interval remained 
between 27 and 29 msec, although the electrodes were approximately equi- 
distant from one another. A similar increase in Bb’ occurred even when the 
recording electrode was within 1 mm of the stimulating electrode. These obser- 
vations were repeated many times, and showed that when an effective stimulus 
falls in the relative refractory period, there is a large delay before a propagated 
response is developed. 

In Fig. 3 the minimum effective strength of the test stimulus B has been 
plotted against both the interval between stimuli AB, and the interval between 
responses a’b’. It will be seen that when the latter measurement is used as an 
index of the time for the recovery of excitability, the absolute refractory 
period is substantially greater, and the duration of the relative refractory 
period correspondingly reduced. 
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The action of drugs on the refractory period 

It is well known that acetylcholine reduces the refractory period of heart 
muscle and that quinidine lengthens it. However, it seemed desirable to 
confirm these observations over a wider range of frequencies and with due 
attention to the conditions of measurement which had been explored. At 
frequencies varying between 1/min and 10/sec the action of ACh resembled that 
of an increase of temperature, while that of quinidine resembled a decrease of 
temperature. The effect of ACh was easily reversed by washing the prepara- 
tion, and was potentiated by eserine and abolished by atropine. Low con- 
centrations of eserine left in the bath for 20-40 min reduced the refractory 
period, which was restored to its previous value by atropine; atropine by itself 
had no action. Procaine resembled quinidine in its effect on the refractory 
period, and both were difficult to remove, so that even 90 min after washing 
out the refractory period had not returned to its previous value. Tubocurarine 
(10-*) had no action. 

Aconitine, which is well known to start arrhythmias in cardiac muscle 
(Dawes, 1952), was tested on the quiescent left atria of guinea-pigs. It proved 
very difficult to obtain satisfactory measurements, since spontaneous beats 
started soon after application of the drug, and rapidly increased in frequency. 
In one experiment, in which the atrium was stimulated at 1/sec, the addition of 
80yug aconitine to the bath (60 ml.) caused a decrease in absolute refractory 
period from 108 to 87 msec. A further addition of 160ug aconitine decreased 
the refractory period to 50 msec and then spontaneous discharges of high 
frequency made further measurements impossible. 


DISCUSSION 


It is evident from the observations described above that it is not possible to 
measure the recovery of excitability of isolated atrial tissue accurately without 
a clear understanding of the consequences of variations in the experimental 
conditions. It is also necessary to have a precise definition of what is meant 
by refractory period; that is a problem which is discussed further below. 
Yet, given strictly controlled conditions, the experimental observations can be 
repeated with great constancy. 

The shape of the curve of recovery of excitability in cardiac muscle has 
usually been found to be smooth. Recently, in a series of papers, Brooks and 
his co-workers, using different methods on dog hearts in situ, described erratic 
oscillations in excitability in the early relative refractory period (Suckling, 
Brooks, Orias, Gilbert & Siebens, 1950; Orias, Brooks, Suckling, Gilbert & 
Siebens, 1950; Brooks et al. 1950, 1951). We were not able to find such oscilla- 
tions in our preparations, in spite of a very thorough search. The explanation 
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for this difference may be that Brooks et al. studied the strength/duration 
curves for the test pulse (B) at various intervals after the conditioning pulse 
(A), and then plotted the recovery of excitability from these data which had 
been collected over a considerable time. In our experiments the duration of 
the test pulse (B) was arbitrarily fixed at the beginning of a series of observa- 
tions, and the necessary measurements for following the recovery of excita- 
bility therefore took less than 5 min. In some such experiments apparent 
variations from a smooth curve were seen, but in all but two out of several 
hundred trials these variations were traced to an alteration of threshold, 
particularly after the use of strong stimuli. There was no instance of super- 
normality, of the type described by Adrian (1920, 1921) in the isolated frog’s 
heart. Experiments which showed that, after a change in rate, the refractory 
period may not reach a stable value for 5 min or more also point to the 
importance of allowing sufficient time to elapse between observations. The 
absolute refractory period has been defined as the minimum time interval 
between two effective stimuli. This varies not only with temperature and the 
frequency of stimulation (i.e. of the conditioning pulse A), but also with the 
strength of the conditioning pulse, the frequency of testing and, over short 
periods of time, with the past history of the muscle. The maximal rate method 
(Dawes, 1946) of determining the minimum time interval between two 
effective stimuli gives different results according to the length of the time 
during which a succession of rapid powerful stimuli are applied. It also gives 
an altogether different result from that obtained by the infrequent interpola- 
tion of a test stimulus at varying intervals after a rhythmic conditioning 
stimulus. This does not mean that the maximal rate method is unsound when 
used for estimating the relative activity of drugs. It measures a property of 
cardiac muscle, and this property has been found, empirically, to vary as a 
linear function of the logarithm of drug concentration. 


Changes in refractory period caused by varying the rate of stimulation 

The changes in refractory period of the quiescent left atrium caused by vary- 
ing the rate of stimulation were very dramatic. The decrease in refractory 
period associated with an increase of rate between 1 and 60/min was greatest 
at the lowest frequencies. The fact that a change in-rate from one beat every 
60 sec to one beat every 30 sec reduced the absolute refractory period by as 
much as 50 msec must mean that after a single contraction of the atrium, some 
process, either chemical or electrical, lingers for 30 sec. As the rate is further 
increased, the refractory period is reduced still further, indicating that this 
process is capable of summation. When the rate of stimulation is suddenly 
reduced from 315 to 60/min the refractory period decreases very greatly, and 
does not regain its initial value for several minutes (Fig. 5). It would be 
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phosphate, sodium or potassium ions, or perhaps even acetylcholine, is 
accumulated by successive beats, and that at very low rates of stimulation this 
substance (or substances) is inactivated or diffuses out of a tissue compartment. 
The process might be related to the ‘treppe’ phenomenon, in which the first 
few contractions of a piece of cardiac muscle become progressively more force- 
ful (Bowditch, 1871). It seems unlikely that the reduction of refractory period 
with increased frequency of stimulation is directly dependent on a permanent 
change in membrane potential, since the threshold to stimulation returns to its 
minimum value within 200 msec, and is not significantly altered by changes in 
frequency. The shortening of refractory period with increasing frequency of 
stimulation has been demonstrated under a wide variety of conditions. It has 
also been possible to show that, under rather different experimental conditions, 
an increase of frequency is sometimes associated with a lengthening of the 
refractory period. The latter is seen when the test pulse is applied very 
frequently (Fig. 4, 1B:1A), when a very rapid chain of strong stimuli are 
applied (Fig. 4, the maximal rate method, 5 sec duration), or shortly after an 
abrupt increase in frequency (Fig. 5). This lengthening of the refractory period 
might be associated with exhaustion of the reserve of some essential compo- 
nent for recovery. 

The sequence of the lengthening or shortening of the refractory period with 
increasing frequency of stimulation varies under different experimental con- 
ditions. When the frequency of the conditioning pulse is increased from 60 to 
130/min (Fig. 5), the refractory period lengthens and after a few minutes 
shortens again. When a train of very rapid strong stimuli is applied (maximal 
rate method) the refractory period shortens for the first ten beats, but is greatly 
increased at the end of 5 sec (Fig. 4). On the other hand, when the frequency 
of stimulation by a conditioning pulse is abruptly reduced from 315 to 60/min, 
the refractory period decreases at once (Fig. 5). These observations suggest 
that while the shortening of refractory period with increasing frequency of 
stimulation is a long-term process which once established may last several 
minutes, the lengthening of refractory period with increasing frequency of 
stimulation can be recouped more rapidly. The two processes would also 
appear to have different temperature coefficients (Fig. 8). It may be that the 
lengthening of refractory period with increased frequency of stimulation is easier 
to demonstrate in isolated atria suspended in Ringer-Locke solution than in vivo 
with an intact circulation. We have not searched for it in the whole animal. 


The latent period between stimulus and response and its relation 
to the refractory period 
The increased latency of the response to a second stimulus applied within 
the relative refractory period of the tissue is well known in cardiac muscle. 
Our results agree with those of Moe, Harris & Wiggers (1941), which showed 
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that this latency is due in part or whole to the persistence of a local excitatory 
state confined to the area around the stimulating electrode. Atrial tissue seems 
to be able to store the effects of a stimulus for periods of up to 50 msec before 
the start of a propagated response, as shown by the increase in apparent 
conduction time between a second test stimulus (B) and an action potential 
recorded nearby, when the test stimulus falls within the relative refractory 
period of the first conditioning stimulus (A). There is also a latent period 
before the response on application of a stimulus to tissue which has fully 
recovered its normal excitability. Thus when isolated atria were stimulated 
thythmically at rates which allowed full recovery of the tissue between suc- 
cessive stimuli (2—3/sec), an increase in the strength of the stimulus decreased 
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Fig. 12. Diagram of the recovery of excitability in atrial muscle, and the effect 
of latency thereon. For discussion see text. 


the conduction time between the stimulating and recording electrode. The 
possibility that this change was due to current spread or to a change in con- 
duction velocity was eliminated by recording near to and from the stimulating 
electrode. The decrease in absolute refractory period after an increase in the 
strength of a stimulus is also not consistent with a hypothesis dependent 
solely on changes in conduction velocity or in the locus of excitation. 

~ The existence of a long latent period after the application of a large test 
stimulus early in the relative refractory phase makes interpretation of 
measurement of the recovery of excitability by the usual methods difficult. 
Thus, suppose refractory period is determined in the conventional manner by 
measuring the minimum time interval between the application of two effective 
stimuli, the strength of the conditioning stimulus A being fixed, and that of the 
test stimulus B being variable (Figs. 3, 12). The latencies of response to those 
two stimuli, Aa’ and Bb’ respectively, depend, inter alia, on the time relation- 
ship of the stimuli. A principal effect of the increase in strength of the test 
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period, must therefore be to build up a local excitatory state under the 
stimulating electrode sufficiently large to last until a propagated disturbance 
can be started. This method of determining the refractory period by measuring 
the time interval between two effective stimuli may lay undue emphasis upon 
the capacity of the tissue to store a local excitatory state, since it is improbable 
that a natural propagated disturbance can build up a local excitatory state 
comparable in duration to that due to a strong external stimulus. Consequently, 
the interval between responses a’ and b’ may give a better indication of the 
recovery of excitability than the interval between stimuli A and B. For in- 
stance, increasing the strength of the conditioning stimulus A reduces the 
absolute refractory period as measured above, but does not alter the interval 
between responses a’ and 6’. It seems highly improbable that increasing the 
strength of stimulus A would really increase the rate of recovery of excitability 
of the tissue. 

One purpose of measuring the refractory period of cardiac muscle is to define 
the time during which the tissue is inexcitable, from the point of view of 
propagated action potentials. The classical measurement, as has been shown, 
also includes two variable periods of latency in response to stimulation. By 
taking the response—response interval (a’b’) as a criterion of the recovery of 
excitability (Fig. 3) the relative refractory period is reduced at the expense of 
the absolute refractory period and the change in slope of the curve becomes 
much more rapid. A further argument in favour of measuring the a’b’ interval 
as well as the AB interval is that by so doing the effects of drugs may be classi- 
fied either as effects on latency or effects on the recovery of excitability. 


SUMMARY 


1. The recovery of excitability has been studied in atria isolated from guinea- 
pigs and rabbits. 

2. The refractory period, defined as the minimum interval between two 
effective stimuli, increases as the number of test stimuli, interpolated in a 
series of rhythmic conditioning stimuli, is increased. It may either increase or 
decrease as the frequency of the conditioning stimulus is increased. 

3. An increase in the strength of the conditioning stimulus causes an appa- 
rent reduction in refractory period, by decreasing the latency of the response. 

4. The various methods for measuring the recovery of excitability in isolated 
atria are discussed. It is concluded that when the refractory period is defined 
as the minimum interval between two effective stimuli, this interval varies 
both with the latency of the response to the first stimulus, and with the 
capacity of the tissue to retain a local excitatory state sufficient to excite a 
propagated disturbance at the end of the latent period which succeeds the 
second stimulus. However, it is possible to measure the recovery of excitability 
of cardiac muscle independently of latency. 


4 
Aprian, ! 

des 
Brooks, 

(if 
Brooks, 
(195 
Dawes, ‘ 
Dawes, 

Rev. 

MINES, 

Mos, G. 
elect 

Ontas, O 
of t 

SUCKLIN 

| tion 
Ph 


REFRACTORY PERIOD 629 


REFERENCES 


Anan, E. D. (1920). The recovery process of excitable tissues. Part I. J. Physiol. 54, 1-31. 
Aprian, E. D. Sg The recovery process of excitable tissues. Part II. J. Physiol. 55, 193-225 


Bowprrcn, H. P. (1871). Uber die Eigenthiimlichkeiten der Reizbarkeit welche die Muskelfasern 
des Herzens zeigen. Arbeiten aus der physiol, Anstalt zu Leipzig, pp. 139-176. 


Brooxs, C. McC., Ontas, O., Grupert, J. L., Stepens, A. A., Horrman, B. & E. E. 
(1950). Excitability cycle of mammalian auricle. Amer. J. Physiol. 168, 469-474, 


Brooxs, C. McC., Ontas, O., J. L., Srepens, A. A., Horrman, B. & E. E. 
(1951). Auricular fibrillation : relationship of ‘ vulnerable period’ to ‘dip’ phenomenon of auri- 
cular excitability curve. Amer. J. Physiol. 164, 301-306. 

Dawes, G. 8. (1946). Synthetic substitutes for quinidine. Brit. J. Pharmacol. 1, 90-112. 


Dawes, G. S. (1952). Experimental cardiac arrhythmias and quinidine-like drugs. Pharmacol. 
Rev. 4, 43-84. 


Mines, G. R. (1913). Cn in the J. Physiol, 46, 349-383. 

Moz, G. K., Hanats, A. S. & Wicerrs, C. J. (1941). by 
electrographic studies. Amer. J. Physiol. 134, 473-492 

Onias, 0., Brooxs, C. McC., E. E., J. A. A. (1950). 
of the mammalian ventricle throughout the cardiac cycle. Amer. J. Physiol. 168, 272-282. 

Sucxiiva, E. E., Brooxs, C. MoC., Orzas, O., L. & Stepens, A. A. (1950). Determina- 
tion of excitability of mammalian heart at intervals throughout cardiac cycle. Amer. J. 
Physiol. 162, 213-218. 


‘ 
G 
4 


630 


J. Physiol. (1956) 132, 630-649 


LOCALIZATION OF ACTIVE SPOTS WITHIN THE NEURO- 
MUSCULAR JUNCTION OF THE FROG 


By J. pet CASTILLO ann B. KATZ 
From the Department of Biophysics, University College London 
(Received 14 February 1956) 


When one explores the surface of a myoneural junction with a microelectrode 
it is possible, occasionally, to locate discrete spots in the Ringer bath, immedi- 
ately on the outside of the cells, at which brief spontaneous, negative-going 
potential pulses are recorded. Such discharges were observed by Fatt & Katz 
(1952), who interpreted them as the extracellular counterpart of miniature 
end-plate potentials. There are certain characteristic differences between 
‘external’ and ‘internal’ miniature e.p.p.’s: for example, the external poten- 
tials are more sharply localized, and their frequency is usually lower than that 
of the internal potentials. Fatt & Katz offered the following explanation: 
miniature e.p.p.’s arise from random activity of numerous spots scattered 
along the whole length of the myoneural junction. The resulting changes in the 
post-synaptic membrane potential spread electrotonically over a relatively 
large area and are, therefore, recorded without much spatial discrimination by 
an electrode inside the junctional region of the muscle fibre. On the other 
hand, the extracellular field associated with the discharge of a miniature e.p.p. 
can be detected only in the immediate neighbourhood of the spot where it 
originates, and at which the electrotonic currents converge into a highly 
localized ‘sink’ (cf. Fig. 17 below). For this reason, extracellular recording of 
miniature e.p.p.’s depends very critically on the position of the electrode, and 
at any one point covers only a small fraction of the activity of the whole 
junction. 

It was of interest to examine the relation between extra- and intracellular 
miniature potentials in more detail: not only for the purpose of testing the 
explanation put forward by Fatt & Katz, but also in the hope of throwing 
further light on the functional subdivision of a myoneural synapse, and 


on the way in which the activity of its components is integrated by a motor 
impulse. 
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METHODS 


The experiments were made, at about 20° C, on superficial myoneural junctions of the frog sar- 
torius (R. temporaria), immersed in a large bath of Ringer's solution. Details of the technique 
have been described by Fatt & Katz (1951) and Castillo & Katz (1954a, 1955). The following 
modifications were made for the present purpose: 

(a) Localization of nerve endings. External miniature end-plate potentials can only be recorded 
from superficial junctions whose motor nerve terminals lie on the free surface of the muscle. The 
sartorius was examined with a binocular microscope (magnification 80 x ), and those junctions were 


selected whose myelinated nerve supply could be seen to end on the exposed surface of the muscle 
fibre. 

(b) Localization of external miniature e.p.p.’s. This was done by manipulating the microelectrode 
along the surface of a junction until, by trial and error, an active spot was located. That the elec- 
trode remained outside the fibre was shown by the absence of the resting potential and by the 
negative sign of the rapid potential changes. Entry into the fibre was signalled by appearance of 
the resting potential and reversal of sign of the miniature potentials. 

(c) T'wo-channel recording. For a direct comparison between ‘internal’ and ‘external’ miniature 
e.p.p.’s it is necessary to record both simultaneously, with separate microelectrodes and amplifiers. 
The internal electrode was usually inserted at a small distance from the active spot, a few tenths of 
1 mm away, where the penetration was easier and not likely to inflict damage to the nerve endings. 
This involved some electrotonic decrement of the internal miniature e.p.p., but with prostigmine 
(10-*, w/v) being used in most of these experiments the rise of the internal potential was relatively 
slow and the attenuation of its amplitude not serious (see Fatt & Katz, 1951, 1952). 

In some experiments the ‘ quantal composition’ of the end-plate response to a nerve impulse was 
studied with the same double-channel recording system. In these cases, the response was reduced 
below the twitch threshold by halving the calcium content of the Ringer’s solution (from 1-8 to 
0-9 mm) and adding 4 mm-MgCl,. 


RESULTS 
A. Comparison of spontaneous activity recorded extra- and intracellularly 

When external and internal miniature e.p.p.’s are recorded simultaneously, 
from the same myoneural junction, results like those illustrated in Fig. 1 are 
obtained. It is evident immediately that the external discharges are much less 
frequent than those recorded from the inside of the muscle fibre. Fig. 1 was 
obtained at a low film speed and does not show that the external potentials are 
synchronous with individual miniature e.p.p.’s recorded in the upper trace. 
This is brought out in the higher speed records of Fig. 2. 

It may still be queried whether the external potentials are really due to 
localized current flow into a ‘post-synaptic sink’: they could conceivably be 
attributed to electric changes in the nerve terminals rather than the muscle 
end-plate. Evidence on this point is provided by the time relations: external 
and internal potentials start at the same instant; the time course of the post- 
synaptic membrane potential follows the external field in the way electrotonic 
potentials lag behind their generating current (Katz, 1948; Fatt & Katz, 
1952). Furthermore, we have confirmed that the external p.d. is reduced in 
amplitude by curarine (cf. Fatt & Katz, 1952) and that its subsidence is 
greatly slowed by prostigmine. These effects indicate that, like the membrane 
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10 and 100. Some of this variation probably arose from accidental irritation 
or damage which the pressure of the external recording electrode is apt to 
inflict on nerve terminals in its immediate vicinity (cf. Fatt & Katz, 1952, 
p. 122). Such mechanical ‘stimulation’ is likely to cause an increased rate of 
activity at the point of external recording. In extreme cases high-frequency 
bursts of activity originate in the neighbourhood of the electrode tip, and so 
cause the ratio f,/f, to be diminished towards unity. An example of such a case 
is shown in the lower part of Fig. 3. We believe that the highest ratios (50-100) 
are indicative of a more nearly normal state, from which it appears that local 
reception of external miniature e.p.p.’s is restricted to a small fraction, about 
1-2%, of the total synaptic area in which miniature e.p.p.’s originate. 


Fig. 3. Internal and external miniature e.p.p.’s, with example 
of localized bursts of activity in the lower part. 


Amplitudes and size distribution. If one compares amplitudes of external and 
internal potentials (e.g. in Fig. 2), it is obvious that there is no consistent rela- 
tion between them, and that during successive discharges the external poten- 
tial may be larger or smaller than the internal miniature e.p.p. The reason for 
this lack of correspondence has been given by Fatt & Katz (1952), namely, that 
the recorded external potential is much more critically influenced by a change 
in the distance from the active spot than are internally recorded miniature 
¢.p.p.’s. From the experiments described in sections C and D, it appears that 
the external potential falls off to one-half in a distance of the order of microns, 
while the internal miniature e.p.p. is attenuated to one-half over a length of 
about 0-5 mm (if no prostigmine is used). 

Quite apart from these different spatial factors, here is a true intensity 
Variation which would affect external and internal amplitudes in the same 
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way. Such variation in the intensity of the local transmitter action must be 
largely responsible for the amplitude fluctuations of the internal potentials, 
but with external recording this factor is altogether swamped by the variability 
in spatial attenuation, and so no consistent correlation between the two 
amplitudes is obtained. 

In some experiments, however, there was, for short periods, a noticeable 
correspondence between internal and external amplitudes. This was seen 
especially during a transient ‘burst’ of activity originating at the tip of the 
external electrode. What probably happened was that, for a period, the 
majority of the discharges started all at the same point and thus, in the tem- 
porary absence of spatial variations, the distribution of external and internal 
amplitudes would be controlled by a common factor. 

The amplitudes of the internal miniature discharges are distributed in an 
approximately ‘normal’ Gaussian curve (Fatt & Katz, 1952; Castillo & Katz, 
19544; see also Fig. 4). The distribution of external potentials is quite dif- 
ferent. When one watches the spontaneous discharge on the oscilloscope, one 
often forms the impression that the external potentials are of fairly large and 
relatively uniform size. [owever, the photographs usually reveal that there 
are many more, much smaller, potentials which had remained unnoticed, and 
the final histogram is frequently dominated by the bulk of the very small 
potentials approaching the noise level. The resulting markedly skew distribu- 
tions are shown in Fig. 5; in other cases the histogram was ‘flat’ or double- 
peaked. It was only in very rare instances that the impression of a series of 
uniformly large potentials was confirmed by scrutiny of the records. 

The largest external amplitudes which we recorded were 5-6 mV. The 
largest ratios V/V, which were found between individual external and internal 
potentials were between 3 and 6 in four extensive experiments; in another 
experiment in which the muscle fibre had been damaged locally and the mem- 
brane potential was very low, the maximum ratio V,/V, exceeded 10. 

It may seem surprising that the miniature e.p.p. across the fibre membrane 
was often considerably less than that recorded outside the cell. It is true that 
the maximum ratio of external/internal amplitudes would have been smaller 
if no electrotonic decrement of the internal miniature e.p.p. had taken place 
(see Methods). But with prostigmine present the attenuation of the internal 
potential over a length of a few hundred microns is unlikely to have exceeded 
20-30%, except in the last-mentioned experiment in which the fibre was 
damaged and the space constant presumably small. Even with a generous 
allowance for this decrement, there is no doubt that the miniature potential 
across the cell membrane was often smaller than that picked up between two 
points in the external fluid. 

A reference to the diagram in Fig. 17 may help to explain this situation. It 
arises from the fact that the initiation of a single miniature é.p.p. is an intense, 
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but exceedingly localized, event. The local density of the current which flows 
into the active spot (and therefore the local electric field) may be as high as 
during maximal activity elicited by a motor nerve impulse, but the activity is 
restricted to an extremely small area whose impedance is very high compared 
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Fig. 4. Distribution of amplitudes of internal and external miniature e.p.p.’s recorded from one 
end-plate. (Note: ‘external’ histogram covers a longer period of observation than the 
‘internal’. In the upper histogram, the three largest potentials (>0-5 mV) are probably of 
composite nature: cf. Fatt & Katz, 1952, p. 125.) 


1 2mV 1 2 3 4 5 6mvV 
Fig. 5. Distribution of externally recorded miniature amplitudes in two other examples. 


with the shunt provided by the surrounding fibre membrane (cf. Fig. 176). 
As a consequence, the localized external field may well be of maximum inten- 
sity, while the potential change across the fibre surface is only a small fraction 
of the normal e.p.p. 


B. Comparison of end-plate responses recorded extra- and intracellularly — 
The relatively infrequent occurrence of a spontaneous discharge in the 
external records suggested that the fraction of the total end-plate activity 
which is covered by our method of extracellular recording amounts to only one 
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or a few per cent. One would expect, therefore, that the end-plate response to 
a motor impulse, picked up extracellularly at such a spot, also reveals only 
a small fraction of the total number of unit-components which make up the 
e.p.p. (cf. Castillo & Katz, 1954a). 

For example, if the mean ‘quantum-content’ m of the e.p.p. of a single junc- 
tion is 100, the value of m selectively recorded at an external spot may be only 
1 or 2, so that the characteristic step-wise fluctuations and intermittent failures 
(Fatt & Katz, 1952; Castillo & Katz, 1954a) would be observed externally, 
even when the total junctional response is large and relatively constant. At 
this level of response, however, the total e.p.p. would be well above twitch- 
threshold, and so an adequate series of records could not be obtained. In our 
experiments neuromuscular transmission was blocked by using Ringer's 
solution of low calcium (0-9 mm) and high magnesium (about 4 mm) content. 
The fluctuations in the end-plate response during a series of nerve impulses 
were studied in a way similar to that described by Castillo & Katz (19544), for 
simultaneously recorded internal and external potentials. 

An approximate value of m, (average quantum-content of internally 
recorded e.p.p.) was obtained from the ratio (mean amplitude of e.p.p.)/(mean 
amplitude of miniature e.p.p.). This gives an underestimate when the ampli- 
tude of the e.p.p. exceeds a few per cent of the resting potential (Castillo & 
Katz, 1954a; Martin, 1955). An alternative method of calculating m is to 
determine the coefficient of variation (s.D./mean) of the e.p.p. amplitude and 
equate it to /(1/m). This results in a rather larger overestimate when the 
e.p.p.'s are large, and the true value lies between these two approximations. 

For m, (average quantum-content of externally recorded e.p.p.), the pro- 
portion of failures was determined and equated to e~™ (Castillo & Katz, 1954a; 
Boyd & Martin, 19566). The more complete analysis described by Castillo & 
Katz (1954) could not easily be applied because of the peculiar wide scatter 
of the external unit-sizes. In determining the number of failures a complica- 
tion arose in some experiments because of the presence of a small ‘unspecific’ 
external response due to the field produced by e.p.p.’s in adjacent parts of the 
muscle. This resulted in a ‘zero-error’, i.e. a small constant deflexion on which 
the fluctuating specific responses of the local spot were superimposed, It was 
easy to dissociate the two phenomena, for a small movement of the external 
electrode caused the localized ‘specific’ contribution to vanish, while the 
unspecific response remained. In deciding between ‘successes and failures’ 
of the specific external response, the criterion was therefore whether or not a 
defiexion exceeded the amplitude of the unspecific response. This is illustrated 
| in Fig. 7, the left part of which shows external deflexions classified as ‘failures’ 

(not exceeding the unspecific potential), while the right part shows the range 
of external deflexions which were taken to include specific responses. There 
were a few border-line records in which it was difficult to decide whether they 
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contained a small local contribution, or not; but this made little difference to 
the final result. 

There were other experiments in which unspecific external deflexions were 
absent or negligible, e.g. in the case of Fig. 6. The lower part of this figure shows 
records of responses to more than twenty nerve impulses. With internal record- 
ing an unfailing response of fluctuating amplitude was obtained, its mean size 
being about seven times larger than the average miniature e.p.p. (see also 


Fig. 6. Simultaneous intra- and extracellular recording of end-plate responses. Transmission 
blocked with high Mg and low Ca. Upper part, taken on slow film: nerve was stimulated 
during the period marked by two arrows. Lower part: showing internal and external responses 
on fast, superimposed, sweeps. 


upper part of Fig. 6). With external recording there were seven responses, and 
about twice as many failures. From this one may deduce that m, was about 7, 
while m, was approximately log, 3/2 =0-4. 

In five experiments of this kind the ratio m,/m, varied between 10 and 100, 
being in the same range as the ratio of the frequencies of the spontaneous 
discharges (f,/f,). No close agreement was found in individual experiments 
between the two ratios, nor could this be expected, for any accidental damage 
by local electrode pressure would not only produce variability, but affect the 
two ratios in opposite sense (increasing the local random discharge and, at the 
Same time, reducing the chance of response). Nevertheless, the results leave 
no doubt of the general correspondence between the fractions of spontaneous 
and of evoked activity which are ‘covered’ by the external recording electrode. 
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C. Comparison of spontaneous activity recorded at two external spots — 
Further evidence on the subdivision of the myoneural junction was obtained 
by recording simultaneously the external potentials occurring at two different 
spots of the end-plate. When two active spots had been located at distances 
greater than 50u, the spontaneous discharges recorded at the two sites were 


*“Unspecific’ "Specific” 

Fig. 7. Simultaneous intra- and extracellular recording of end-plate responses. In each pair of 
records, the upper trace shows internal response (+spontaneous miniature e.p.p.’s), the 
lower trace shows external response (+ much less frequent, but relatively large spontaneous 
potentials), For the distinction which had to be made between ‘specific’ and ‘ unspecific’ ex- 
ternal responses (shown respectively in the right and left columns), see text. 

clearly independent. Temporal coincidence was absent or extremely infrequent 

in such cases. With separations of 30-40y there was in some instances still no 

evidence of any significant overlap of the external fields. Thus, in an experi- 
ment with a nominal distance of 37 between the electrode tips, there were 
twelve coincidences out of a total of 291 discharges at one, and 226 at the 
other spot. If one allowed for the limited resolution of time intervals obtain- 
able at the low film speed, it was found that the coincidences in this case were 
no more frequent than could be attributed to chance synchronism between 
two independent series of random events. In Fig. 8 another example is shown 
of external ‘double-spot’ recordings, with a distance of about 30yu. It is clear 
that the great majority of the discharges in the two channels do not coincide. 
In another case, however, an appreciable proportion of simultaneous occur- 


rences 
144 ar 
the tw 
had 
ate 1 
4 
tips 

the ti 
wort! 

to ab 
locali 
In 
nomi 
result 
series 
| chan 


ACTIVE SPOTS IN MOTOR END-PLATE 639 


rences was observed at this distance (twenty-two coincidences out of a total of 
144 and eighty-seven discharges respectively), suggesting an overlap between 
the two fields of recording or some degree of interaction between the events 
occurring at the two spots. (The fact that most of the coincident potentials 
had relatively small amplitudes would suggest that we were dealing with an 
overlapping fringe of recording fields, rather than coupled initiation of separ- 
ate miniature potentials. ) 


_ Fig. 8. Simultaneous recording from two external spots, about 304 apart, on the same 
end-plate. Note independence of the random activity in the two traces. 

When the electrodes were brought closer together, the distance between the 
tips could not be measured with any accuracy, especially as the portion near 
the tip tended to be buried and obscured in superficial connective tissue. It is 
worth noting, however, that in one experiment with a nominal separation of 
104, only about one-half of the discharges (four out of eight and thirteen re- 
spectively) were synchronous, and the largest of these (0-9 mV) was attenuated 
to about 1/4 at the other spot. This serves to emphasize the high degree of 
localization of the external potentials. 

In one experiment an interesting and unusual picture was obtained. The 
nominal distance was ‘less than 25’: but the tips were not visible, and the 
results indicate that they must have been exceedingly close together. In this 
Series there was over 95° coincidence of the discharges recorded in both 
channels. Furthermore, there was a close correlation in amplitude of the pairs, 
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many of them being identical in size. Examples of this series are illustrated in 
Fig. 9, and a scatter diagram is shown in Fig. 11. After completion of this 
series, in which some 370 discharges were recorded, one of the electrodes was 
moved very slightly. The displacement amounted probably to no more than a 
few microns, but it was sufficient to change the picture drastically (Fig. 10). 


Fig. 9 Fig. 10 
Fig. 9. Simultaneous recording from two very close external spots. 


Fig. 10. The same experiment as illustrated in Fig. 9, ‘after a very small displacement of one 
electrode. 


There was still over 90% coincidence between the two series of discharges, 
and their mean sizes were practically unchanged (about 0-5 mV in either 
channel), but instead of a positive correlation, there was now a reciprocal 
relation of the two amplitudes: when one was large, the other was invariably 
small. The scatter diagram had altered its shape from that of Fig. 11 which 
came close to suggesting identity, to that of Fig. 12 showing a separation of 
two independent limbs (complete identity would be indicated by a 45° line, 
complete independence by two lines at right angles along the X and Y axes). 
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Fig. 13 illustrates diagrammatically how a small change in the distance 
between the recording electrodes can cause the correlation between the two 
amplitudes to become inverted. The figure shows amplitude of external poten- 
tial (ordinates) plotted against distance between the recording electrode and 
the point of origin of a miniature e.p.p. We suppose that miniature e.p.p.’s 
originate at points scattered along the horizontal axis (in fact, the distribution 
of active spots would follow the complicated pattern of the nerve endings). 
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Fig. 11. (Inset.) Scatter diagram of external amplitudes, taken from the experiment illustrated 
in Fig. 9. Filled-in circles indicate an overlap of more than two observations. 


Fig. 12. Scatter diagram from the second part of the same experiment, corresponding to 
Fig. 10. 
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The position of each electrode coincides with a peak, signifying that the 
largest amplitudes are due to activity of units at zero distance. When the elec- 
trode tips are very close together, within the range of, say, half-decay of the 
field, then a positive amplitude correlation of the kind shown in Fig. 11 would 
be obtained. As the electrodes are moved apart, there will be a range, illus- 
trated in Fig. 130, in which a reciprocal relation is observed, a large potential 
at one electrode being attenuated to a small fraction at the other electrode. 
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(Considering the overlap of the fields in three dimensions, it will be clear that 
there must also be a large number of occurrences where both potentials are 

small.) With further separation of the electrodes, the fields get out of range, and 
two independent series of discharges are then recorded. It has not been 
possible to determine more than the order of magnitude of the spatial scale of 
the external field; from the experiments described above we estimate that 
half-decline takes place in a distance of several microns. 


0 Distance between tip 
and active spots 
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For discussion, see text. 
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D. Other observations 


Simultaneous recording with two intracellular electrodes. The observable field 
which a miniature e.p.p. produces along the inside of the muscle fibre depends 
on the electrotonic properties of the membrane and extends over a much 
greater distance. Thus, in the example of Fig. 14A miniature e.p.p.’s were 
recorded at two points inside the fibre, 0-43 mm apart. In spite of the distance, 
and the absence of prostigmine in this experiment, all the discharges are 
repeated in the two traces, though some show appreciable attenuation from 
one point to the other. The same can be seen in Fig. 14B in which high- 
frequency bursts of miniature potentials were recorded from another end-plate 
with a similar electrode separation. In the experiment illustrated in Fig. 14 A, 
successive two-point recordings were made, in the same fibre, at four distances 
varying between 100 and 6254. The mean size of the miniature potentials 
ranged from 0-41 to 0-27 mV, with a rather blunt spatial maximum indicative 
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of distributed nerve endings (cf. Fatt & Katz, 1951). Even at the largest 
separation there was complete duplication of the discharges, though the ratio 
of individual amplitudes varied over a rather wide range. This scatter could 
not be wholly explained by the low signal-to-noise ratio of the miniature 
potentials: an important factor must have been the random spatial distribu- 
tion of active spots between and around the recording electrodes. It is known 
that the motor nerve terminals in amphibian muscle extend over a variable 
length of the muscle fibre, ranging from less than fifty to several hundred 
microns (Kiihne, 1887). Clearly, at the ‘diffuse’ junctions attenuation of 
individual miniature e.p.p.’s within the junctional region must be appreciable, 
and more marked than that of the whole e.p.p. or of the average miniature 
€.p.p- 


Fig. 14. Simultaneous recording of spontaneous miniature discharges with two internal electrodes, 
at a distance of a few hundred microns. The voltage scale in A represents 1-0 leat 
0-86 mV for the lower trace of each pair. 


It is difficult to obtain a reliable measure of the attenuation factor of indi- 
vidual miniature potentials because the ratio of the recorded amplitudes is 
ineonstant and it is not easy to distinguish between randomizing effects of 
noise fluctuations and of the spatial scatter of active spots. The most reliable 
information is still that obtained from measurements of the e.p.p. at a sharply 
‘focal’ junction in a curarized fibre (Fatt & Katz, 1951). In this case, the 
amplitude falls to one-half in approximately 500. A statistical examination 
of the miniature e.p.p.’s in the present experiment indicated that the attenua- 
tion for individual unit-potentials may be somewhat greater, but is unlikely to 
exceed 60°%/0-5 mm. 

The cause of the amplitude scatter of internal miniature e.p.p.’s. It appears 
that in the frog the spatial spread of the nerve endings must be a factor which 
contributes to the observed scatter of amplitudes of the internally recorded 
miniature e.p.p.’s. Nevertheless, there is good evidence that this is not the 
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dominant, and usually not even an important, factor. In the first place, a 
similar scatter of miniature amplitudes is observed at the mammalian end- 
plate (Boyd & Martin, 1956a) which is morphologically ‘compact’. Secondly, 
under the influence of prostigmine the rising phase of the miniature e.p.p. is 
lengthened and the electrotonic attenuation of its peak is reduced (cf. Fatt & 
Katz, 1952); but there is no obvious change in the scattered distribution of the 
internally recorded amplitudes. One can conclude, therefore, that there must 
be a genuine variation in the intensity of the local reaction which leads to the 
appearance of a miniature potential, e.g. in the size of the released ‘acetyl- 
choline packet’ or in the number of locally available receptor molecules. 


Fig. 15 Fig. 16 


Fig. 15. Internal miniature e.p.p.’s from prostigmine-treated muscle, illustrating the degree 
of variability in time-course which may be encountered. 1 mV separation between successive 
traces. 


Fig. 16, External miniature e.p.p.’s from prostigmine-treated muscle. An unusually striking 
example of variations in time-course. 


Further support for this view was obtained by studying the rising phases of 
the miniature potentials. On a relatively slow time-base the shape of the 
miniature e.p.p.’s appears to be remarkably uniform, but when one examines 
them more carefully, appreciable variations are sometimes found in the dura- 
tion of the rising phase as well as the amplitude. Fig. 15 illustrates this on a 
prostigmine-treated end-plate. It is of interest that some of the large minia- 
ture e.p.p.’s have a relatively long-lasting rising phase, while the converse is 
true for some of the small potentials. Evidently these differences cannot be 
explained by electrotonic attenuation, for if this were true the large potentials 
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should have the faster time course. The observed effect is reminiscent of 
results obtained with brief localized applications of ACh (Castillo & Katz, 1955): 
the larger doses producing not only more intense, but also more prolonged 
depolarizations. A possible explanation then offered was that, with the larger 
amounts of ACh, close-range receptors may reach saturation, and more distant 
receptors may become increasingly involved. A similar explanation may 
account for the correlated changes in amplitude and duration of the miniature 
€.p.p.’s. 

A relevant observation was made with external recording at a given spot. 
It may be recalled that the time-course of the external potential is closely 
telated to that of the current entering the active spot; it is faster than the 
membrane potential change and approximately corresponds to what has been 
termed ‘time-course of transmitter action’ (Eccles, Katz & Kuffler, 1941; Fatt 
& Katz, 1951). There was at times a noticeable variability in the rate of decay 
of successive external potentials. A particularly striking case is shown in 
Fig 16 from a prostigmine-treated preparation, in which the almost instan- 
taneous rise of the external potential is followed by a highly variable decline. 
The relative variations in the total duration of the external potential correspond 
roughly to the variations in the rising periods of the internal potentials shown 
in Fig. 15. The peculiar shape of the largest external potentials (flat-top and 
delayed decay) might well be due to a local saturation phenomenon: if a 
packet of ACh is large enough to saturate the receptors in the immediate 
vicinity, then its effect would not begin to decline until the local ACh concen- 
tration has fallen below the saturation level. 

The production of acetylcholine-potentials at active spots of the junction. Evi- 
dence having been obtained for a sharp localization of active spots within the 
end-plate region, an attempt was made to use such spots for local ionophoretic 
application of ACh. The method was the same as described by Castillo & Katz 
(1955), except that in placing the ACh-pipette preliminary localization of 
spontaneous external potentials was used as a guide. It was possible in this 
way to obtain ACh-potentials of considerably more rapid time-course than the 
fastest previously recorded. The rising phase could be shortened to 2-5 msec 
(previously 13 msec), the shortest being obtained with a rather high intensity 
of the steady ‘braking’ current on which the ACh-pulse was superimposed. 
Although the time course of the ACh-potential was thus considerably briefer, 
the ‘sensitivity’ (i.e. amount of membrane depolarization produced by a given 
quantity of ionophoretic charge) was no greater in these experiments than the 
highest sensitivities previously reported (Nastuk, 1953; Castillo & Katz, 
1955). On any simple, point-to-point diffusion hypothesis the ‘sensitivity’ 
should greatly increase as the distance between source and receptor (and so 
the time of rise of the ACh-potential) is shortened. However, with extremely 
close application, localized at one point on the end-plate, the sensitivity and 


G 
4 
a 
d 
7 
. 
4 
4 
= 


646 J. DEL CASTILLO AND B. KATZ 


its relation to distance and time-course cannot be predicted, for it would de- 
pend not only on the distance between the pipette and the closest receptors, 
but also on the density and the accessibility of other receptors nearby. 


A 


Ry 


M 
A 
pe 
a 
Fig. 17. (a) Schematic drawing of active spot, with convergence of local current lines. N: cross- 
section of a nerve terminal; M: interior of muscle fibre. Various possible electrode positions 
are indicated by points A-D. (b) ‘Equivalent circuit’ diagram to illustrate conditions of 


external recording (e.g. between B and C) and internal recording (between C and D). The 
meaning and values of the circuit components are discussed in the text. 


DISCUSSION 


The events which lead to the appearance of a miniature e.p.p. and its accom- 
panying extracellular field may be visualized with the help of a diagram 
(Fig. 17). A parcel of ACh is released locally from the nerve terminal and diffuses 
into the narrow space between pre- and postsynaptic membranes and into the 
‘ post-junctional folds’ (Robertson, 1956), Its reaction with the postsynaptic 
receptors causes a local increase of membrane permeability (Castillo & Katz, 
1956) and the establishment of local circuits in which current flows from the 
surrounding fibre membrane through the activated end-plate spot. The extra- 
cellular currents, therefore, converge from the large surrounding surface of the 
fibre into a highly localized region. Current density is greatest in the narrow 
space between pre- and postsynaptic membranes and falls off rapidly on the 
exposed outside of the nerve ending. Four points, A, B, C and D have been 
marked, of which the first three are extracellular while D is inside the muscle 
fibre. C corresponds to the position of an ‘indifferent’ bath electrode, far 
away from the active region. The extracellular field is highest at A, but it would 
be impossible to place a microelectrode into the synaptic ‘crevice’ without 
inflicting irreversible damage to the nerve terminal. It is more probable that 
the large external p.d.’s were recorded at point B, at the exposed edge of a 
nerve ending where currents enter the synaptic gap. 

The situation is further illustrated by the simplified ‘equivalent circuit’ in 
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Fig. 176 in which the capacitative and distributed components of the fibre 
have been disregarded. EF represents the driving e.m.f. of the end-plate poten- 
tial, about 70-80 mV. (More strictly speaking, E is the difference between 
resting potential (90 mV) and end-plate equilibrium potential (10-20 mV; 
according to Castillo & Katz, 19545).) Points A, B, C and D are shown in the 
diagram connected by appropriate local circuit resistances. The broken line 
indicates the limit of the extracellular space. To record external potentials 
(between B and C), which are several times greater than the internal miniature 
e.p.p. (recorded between C and D) the effective resistance R,, due to conver- 
gence of local current, must be several times greater than the cable impedance 


Ry. The latter has a reactive component and is, therefore, lower the shorter the 


duration of current flow. During a steady current, R, is of the order of 
200,000 Q (cf. Fatt & Katz, 1951), but for a brief pulse, of one or a few msec 
duration, its effective value is less than 100,000 Q. It appears that Rg, i.e. the 
portion of the convergence resistance which is ‘tapped’ by the external record- 
ing circuit, may reach a value of a few hundred thousand ohms. (For a more 
precise statement, one would have to take into account various complicating 
factors: e.g. electrotonic decrement of the internally recorded potential, and 
the fact that the current intensity during the peak of the external potential 
is greater than the average current during the rise of the internal miniature 
ep.p.). | 

The highest resistance in the diagram of Fig. 176 resides undoubtedly in 
R, + R,, i.e. the resistances of the minute area of active membrane (R,) and of 
the narrow synaptic interspace which is in series with the active membrane 
(R,). The value of R, +R, can be estimated from the disparity between the 
large driving e.m.f. (75 mV) and the small miniature e.p.p. (0-5 mV). Then, 
R,/(R, +R, +R, +R,) =0-5/75. If R, is of the order of 5 x 10* Q and R, about 
2x 10°Q, then R, + R, is approximately 7 MQ. During maximal nerve-muscle 
transmission, the resistance of the active end-plate is only 20,000-30,000 Q 
(Fatt & Katz, 1951) suggesting that a few hundred miniature units are in- 
volved (Castillo & Katz, 1954a; Martin, 1955). . 

These rough calculations can also be used to obtain an estimate of the 
effective limits of the extracellular field set up around a single active unit. The 
spontaneous miniature e.p.p. becomes submerged in noise when it falls to less 
than 0-1 mV, that is when the value of R, is reduced to less than about 10,000. 
Now, if we regard an active spot as equivalent to a small hole in a large sheet of 
insulating membrane, then the value of R;, at a sufficient distance r from the 
hole, is given approximately by p/2mr, where p is the specific resistance of 
Ringer’s solution (about 100 Q cm). At a distance of 10u, R,=16,000Q; at 
20, R; =8000 Q and the external potential would then become undetectable. 
The observed external field seems to extend somewhat farther, but the pre- 
dicted order of magnitude appears to fit. | 
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It was previously thought difficult to explain the relatively large amplitude 
of the external miniature potentials without resorting to a special assumption, 
such as local indentation of the end-plate produced by the pressure of the 
applied electrode (cf. Fatt & Katz, 1952, Fig. 7). This may well happen and, 
by creating an artificial resistance, would undoubtedly serve to increase the 
external p.d. The present discussion, however, shows that it is possible to 
account for the observed quantities without having to invoke such special 
circumstances. 

A convergence effect similar to that outside the cell would be expected to occur inside the 
muscle fibre immediately around an active patch. Thus, if an electrode were placed at such a 
critical point inside the cell, one would expect to observe a few miniature e.p.p.’s of relatively 


rapid time course and outstanding size among the majority of smaller and slower potentials. We 
have no evidence on this point, and it would be rather difficult to obtain it. 


SUMMARY 


1. Simultaneous intra- and extracellular recordings were made of miniature 
end-plate potentials, using superficially located junctions of a frog muscle 
immersed in a bath of Ringer’s solution. 

2. The extracellular field associated with the production of a miniature 
e.p.p. is extremely localized and becomes undetectable at a distance of less 
than 50, from the active spot. The longitudinal field along the inside of the 
muscle fibre, during a miniature e.p.p., spreads electrotonically over a much 
greater distance, declining to one-half in about 500,. 

3. As a consequence, focal extracellular recording from an active end-plate 
region covers only a small fraction (usually between 1 and 10%) of the total 
activity of the junction. This is shown (a) by the much lower frequency of 
‘external’ as compared with ‘internal’ spontaneous discharges, and (b) by the 
much lower ‘quantal content’ of the externally recorded response, as com- 
pared with the internal e.p.p. 

4. The amplitude of the externally recorded miniature potential can exceed 
that of the membrane potential change. This is interpreted as a further conse- 
quence of the extremely localized origin of the miniature e.p.p., and the 
resulting high density of local current converging into the active spot. 

We are indebted to Mr J. L. Parkinson for his generous and frequent assistance, to Mr A. C. 
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F.R.S., for helpful discussion. This work was supported financially by the Nuffield Foundation. 
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| AN INVESTIGATION OF SPONTANEOUS ACTIVITY AT THE 
NEUROMUSCULAR JUNCTION OF THE RAT 


By A. W. LILEY 
From the Department of Physiology, Australian National University, 
Canberra, Australia 


(Received 17 February 1956) 


The occurrence of spontaneous subthreshold activity at the neuromuscular 
junction of the frog, originally observed by Fatt & Katz (1950), has sub- 
sequently been investigated in detail by Katz and co-workers (Fatt & Katz, 
1952; del Castillo & Katz, 1954a-d, 1955a, b). Recently the presence of similar 
activity in a mammalian tissue—the tenuissimus muscle of the cat—has been 
reported (Boyd & Martin, 1955). 

In the present study the occurrence of spontaneous activity at the neuro- 
muscular junction of the albino rat has been observed and the characteristics 
of this activity have been investigated, both in isolated tissues and, to a less 
extent, in vivo. A preliminary report of this investigation was communicated 
to the A.N.Z.A.A.8. Meeting, Section N, Melbourne, 1955. 


METHODS 


The tissues of male and female albino rats (Wistar strain) of weight 100-250 g were used in all 
experiments. Isolated preparations consisted of a band of the left hemi-diaphragm together with 
the intrathoracic portion of the left phrenic nerve removed from the rat under open ether anaes- 
thesia. Denervation, where necessary, had been performed via a thoracotomy incision under open 
ether or intraperitoneal bromethal (10 ml. of 2-5% solution per kg). The constitution of the 
bathing solution is given in Table 1. This solution, when gassed with 95% 0,+5% CO, 
(‘Carbogen’), had a pH of 7-3-7-4 at 38° C. 


TaB_z 1. Constitution of solution used for isolated tissues 


mM mM 
Nat 149-8 Cl- 147-8 
Kt 5-0 1-0 
Ca*+ 2-0 HCO,- 12-0 
Mg*+ 1-0 Glucose 11-0 


The isolated preparation was mounted in a chamber which comprised two Perspex compart- 
ments inset in a Perspex slab. In one compartment the muscle was rested on a small Perspex 
platform and fixed by pins to strips of balsa wood. From this compartment the nerve was led 
via a small paraffin-sealed notch, beneath a sliding partition, to the second compartment where 
it lay across platinum stimulating electrodes. To clear the electrodes during stimulation the 
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" olution level in this compartment was lowered by means of an attached 10 ml. syringe. The 
temperature of the chamber was maintained at a usual level of 37-38° C by permanent partial 
immersion in a water-bath, the Perspex slab forming the lid of this bath. The solution, saturated 
with ‘Carbogen’ in separating funnels, was passed via a drip counter and heat exchanger to the 
chamber and removal was effected by continuous suction. An exchange rate of 150-200 ml./hr 
was maintained. 

The intracellular recording technique (Ling & Gerard, 1949; Nastuk & Hodgkin, 1950) was 
employed in most experiments. Capillary microelectrodes filled with 3m-KCl were used, with 
resistances of 5-30 MQ and tip diameters of less than 1 4. The method of pulling and filling these 
electrodes has been described elsewhere (Winsbury, 1956), as also have been the micromanipulators 
(Eccles, Fatt, Landgren & Winsbury, 1954) and electronic stimulating (Liley & North, 1953) and 
recording techniques (Brock, Coombs & Eccles, 1952). The indifferent electrode consisted of a 
silver-silver chloride spiral in contact with the chamber solution via an agar-saline column. 

For investigations on tissues in vivo, rats were anaesthetized with intraperitoneal pentobarbital 
sodium (40 mg/kg), placed supine and immobilized on a cork surface by means of pins inserted 
through the fore-feet, pelvis and hind-limb joints. The left gracilis muscle was exposed under 
a paraffin pool, the indifferent electrode being a saline-soaked pad sutured to the muscles of the 
abdominal wall. 


RESULTS 


On penetration of a muscle fibre the microelectrode immediately recorded 
a membrane potential of the order of 70-75 mV (internally negative). 
Measurements in thirty-one fibres in one isolated diaphragm gave a mean value 
for the resting membrane potential of 73-2 mV (s.p. 5-2 mV). Spontaneous 
miniature potential changes of rising phase 1-2 msec and half decay approxi- 
mately 1-5 msec were readily detected in all innervated muscles investigated 
(Fig. 1). These potential changes, representing a decreased internal negativity, 
were observed not only in the fibres of the isolated diaphragm but also in the 
fibres of the gracilis muscle im situ. In the latter case, especially in young 
animals, minimal disturbance of the tissues was involved as the micro- 
electrodes readily penetrated the intact epimysium. Hence there seems little 
doubt that the spontaneous potentials are a naturally occurring event rather 
than a phenomenon, albeit a significant one, appearing only in the questionably 
normal conditions of isolation. 

With isolated tissues in Ringer’s solution of normal constitution the precise 
localization of the miniature potential discharge to the end-plate zone was 
difficult. Under normal conditions in the rat, unlike the case in the frog, the 
form and amplitude of the indirectly evoked action potential recorded at the 
neuromuscular junction shows no characteristic differences from that recorded 
at points distant along the fibre. However, both in vivo and in vitro, the 
_ Miniature potentials could be detected only at sites where the nerve filaments, 
as viewed under the dissecting microscope, could be seen to ramify finely and 
apparently to terminate. 3 

Further confirmation was obtained by repetitive indirect stimulation of the 
preparation at frequencies greater than 100/sec. Under these conditions at 
the junction, an end-plate potential (e.p.p.) ‘step’ does appear on the rising 
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phase of the action potential and eventually the propagated muscle spike fails, 
Jeaving merely an e.p.p. By contrast, at points distant along the fibre no 
steps are seen on the action potential, and conduction appears to be ‘all or 
nothing’ in type. Using this criterion the miniature potentials could be detected 
only at the junctional zone. Similarly, electrical identification of the end-plate 
zone could be achieved by the appearance of an e.p.p. ‘step’ during progressive 
neuromuscular blockage by raised magnesium concentrations (6-10 mm) or 
by the addition of tubocurarine (7 x 10-*). Again the miniature potential 
discharge was found to be located exactly at the junction, although in the 
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Fig. 1. A 1-3: examples of miniature potentials at three neuromuscular junctions in an isolated 
hemidiaphragm. Membrane potentials were respectively 71, 64 and 76 mV. B 1-4: miniature 
potentials in the gracilis muscle in vivo. B1: intracellular recording; B2: same fibre as B 1! 
but extracellularly recorded; B3: intracellular recording; B4: same fibre as B3 but 10 min 
after intravenous injection of prostigmine bromide 0-4 mg/kg. Membrane potentials were 
B1: 78 mV and B3: 67 mV. 


latter case the discharge was simultaneously ablated. That the spontaneous 
potentials arose by the action of quanta of acetylcholine on the end-plate zone 
of the muscle fibre was strongly suggested by the effects of tubocurarine 
chloride (7 x 10-*) and gallamine triethiodide (10) in obliterating the dis- 
charge and the action of prostigmine bromide (10-*) in doubling the amplitude 
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and increasing by approximately 80%, the time for half decay of the miniature 
potentials. 

Finally, the origin of these quanta of acetylcholine in the nerve terminals 
was confirmed, both by the disappearance of the discharge in the presence of 
001°, procaine and by observation of the effects of denervation. Within 


300- 


100- 


Amplitude (mV) 
Fig. 2. Frequency distribution of amplitudes of 903 miniature potentials serially recorded in 
a fibre. Amplitudes grouped into brackets of 4; mV. Arrows at origin indicate approximate 
range of instrumental base-line ‘noise’ voltage. Membrane potential was 69 mV. 
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Fig. 3. Frequency distribution of frequencies of miniature potentials at forty-nine junctions. 
Frequencies grouped into brackets of 1/sec. Note change in abscissal scale beyond 21/sec. 


12-14 hr of phrenic neurectomy performed 5-6 mm from the diaphragm all 
response to indirect stimulation had disappeared, and within the next few 
hours the miniature discharge also vanished. Moreover, the discharge was 
never observed in a chronically denervated preparation. On the other hand, 
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immediately the presence of indirect excitability announced the regeneration 
of the motor axons and terminals, the miniature potentials could be readily 
detected. 

Amplitude and frequency. The amplitude of the miniature potentials recorded 
both én vivo and in vitro was of the order of 0-5-1 mV. The amplitudes varied 
not only from one fibre to the next but also at a given end-plate. Usually it 


was observed (Fig. 2) that the amplitudes were distributed approximately _ 


normally about some modal value, but isolated discharges of much greater 


Fig. 4. Effect of prostigmine on miniature potentials. A: control records; B: same fibre as A but 
5 min after the addition of 10~* prostigmine bromide. Membrane potential was 62 mV. 
C and D: two other fibres showing the generation of action potentials by the augmented 
miniature potentials. Prostigmine as in B. Membrane potentials were respectively 76 
and 74 mV. 


amplitude were relatively frequent, values as high as 5 or 6 mV being 
occasionally encountered. Some of these large potentials displayed one or 
more steps on their rising phases (Fig. 1, B1), which may be taken to indicate 
that they are produced by the temporal summation of smaller miniature 
potentials. However, frequently no such effect could be observed, the larger 
potentials presenting a time course almost identical with that of the con- 
comitant miniature discharge (Fig. 1, A3). 

The mean frequency of the miniature discharge also varied widely from 
fibre to fibre. At 37°C, under normal conditions, the extreme values were 
$/sec and 118/sec (Fig. 3), but in over 80% of fibres the frequency did not 
exceed! §/sec, the modal value being 1-2/sec for both isolated diaphragm 
and gracilis in vivo. When a given fibre was observed over long periods of 
time small random variations in frequency were seen, and occasionally this 
variation was superimposed on a progressive change—usually a gradual 
acceleration. 
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The amplitude and/or frequency of the miniature potentials could be 
modified by a number of agents which may be considered as follows: 

(a) Anticholinesterases. Prostigmine in a concentration of 10-* approxi- 
mately doubled the amplitude of the discharge without significant alteration 
in frequency (Fig. 4A, B). Occasionally the large potentials were so augmented 


by the addition of prostigmine that they generated propagated action 
potentials (Fig. 4C, D). 
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Fig. 5. A: effect of temperature on frequency of miniature potentials. Open circles represent con- 
tinuous record from a single junction. Values determined in the sequence indicated by 
numbers. Note change in ordinate scale above 3/sec. Filled circles represent the mean 
frequency at a number of junctions, the exact numbers being at 37°C, twenty fibres; 
28-5° C, twenty-one fibres; 20-5° C, fourteen fibres. In each case approximately half this 
number were measured during cooling and the remainder during rewarming. Bars are placed 
at +2 8.8. of the mean in each case. B: effect of temperature on the time course of miniature 
potentials, Each curve represents the mean time course of ten miniature potentials scaled 
to the same maximum amplitude. 


(6) Temperature. Over the range of 25-40° C the frequency of the miniature 
discharge had a positive temperature coefficient, the relation of frequency to 
temperature being approximately linear to give a Qi3~**° of 3-4 (Fig. 5A). 
Unexpectedly, however, over the range from 16° C (the lowest temperature 
investigated) to 25° C the frequency appeared to have quite a high negative 
temperature coefficient. This effect was originally observed during continuous 
recording from single fibres and, although reversible, was regarded with 
suspicion on the grounds that slight movements in the apparatus arising from 
the differing thermal coefficients of expansion of its various components 
might have led to small displacements of the microelectrode and hence injury 
(g.v.) to the adjacent nerve terminal. As a check the frequencies of the minia- 
ture discharges in a number of different fibres in one preparation were recorded 
at each of three set temperatures and the resultant graph shows clearly the 
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upward concavity of the frequency-temperature curve. No consistent relation- 
ship between peak amplitude and temperature was observed. However, 
reducing the temperature to 20° C doubled the duration both of the rising 
phases and of the half decays of the miniature potentials (Fig. 5B). 

(c) Indirect stimulation. Following a single nerve volley the probability of 
the occurrence of a miniature potential was considerably enhanced (Fig. 6 A). 
This enhancement was maximal immediately after the arrival of the volley at 
the terminals and represented an increase in the miniature potential frequency 
of 50-200°%, the increase being more marked the lower the resting frequency 
of the discharge. However, no significant change in amplitude was observed. 


Fig. 6. A: i frequency of miniature potentials (marked by dots) following single nerve 


volleys; B: absence of effect of miniature discharge by direct muscle stimulation. In both 
A and B the interval between successive sweeps was 1 sec. Membrane potentials were 
respectively 68 and 71 mV. 


Subsidence of the frequency to the original rate occurred in less than 200 msec. 
When the preparation was tetanically stimulated these effects were much more 
pronounced ; for example a tetanus of 3000 stimuli (200/sec for 15 sec) increased 
the miniature potential frequency approximately tenfold, again without change 
in amplitude, and the decline to the original rate required some 6 or 7 min 
(Figs. 7, 8A). This time course resembles that of the familiar post-tetanic 
potentiation of the e.p.p. in a curarized fibre (Fig. 8B), but certain important 
differences were noticed. First, the increase in the miniature potential 
frequency was maximal immediately after the cessation of the tetanic stimula- 
tion, whereas in a curarized fibre the e.p.p. was virtually zero at the end of the 
tetanus and increased through a subnormal range to a supernormal peak over 
a course of some seconds. Secondly, the percentage increase in the miniature 
potential frequency was much greater than the corresponding change in the 
e.p.p. amplitude. Direct stimulation of the muscle fibre, either single (Fig. 6 8) 
or repetitive, produced no change in the frequency of the miniature discharye. 
These results indicate that the post-tetanic change in miniature potential 
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frequency was dependent only on presynaptic activity and, further, that the 
effect could not be attributed to mechanical trauma caused by the micro- 
electrode to the terminal during the tetanic contractions. 

(d) Osmotic pressure. Both the frequency and the amplitude of the miniature 
potentials were affected by the tonicity of the bathing solution (Fig. 9). When 
the osmotic pressure of the solution was increased 25°, by the addition of 
sucrose the frequency was increased tenfold while the amplitude was reduced 


by approximately 40%. Both of these effects were readily reversible. 


Fig. 7. Effect of repetitive indirect stimulation on frequency of the miniature discharge. A: control 
records which were followed by a 15 sec tetanus of frequency 200/sec. Post-tetanic records 
shown are at B, 15 sec; C, 30 sec; D, 1 min; E, 2 min; F, 4 min; G, 6 min; H,8 min. Membrane 
potential was 74 mV initially, but fell to a steady value of 66 mV following the tetanus. 


(e) Trawma. The invariable response to mechanical trauma, inflicted for 
instance by gentle pulling of the nerve, vibration or small horizontal move- 
ments of the microelectrode or the use of electrodes which produced visible 
“dimpling’ of the preparation, was an increase in the frequency of the miniature 
discharge, in some cases values as high as 1000/sec being observed. Frequently 
the effect was irreversible, the extent of local mechanical damage being con- 
firmed by a fall in the resting membrane potential of the impaled muscle fibre 
and often by the failure of neuromuscular transmission. These observations 
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Fig. 8. Effect of repetitive indirect stimulation on: A, frequency of miniature discharge in a 
normal fibre (same fibre as Fig. 7); and B, end-plate potentials in a curarized (tubocurarine 
chloride 10~*) fibre. Post-tetanic observations platted as a percentage of control records in 
each case. Resting frequency of miniature discharge in A was 4 per sec. Tetanus of duration 
15 sec and frequency 200/sec represented in each graph by the rectangular block. Common 
abscissal (time) scale commences at the termination of the tetanus. 


A ~ 
}2 mv 
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Fig. 9. Effect of osmotic pressure increase on miniature potentials, A: control records in Ringer's 
solution of normal constitution; B: records (from same junction as A) 5 min after addition 
of sucrose to produce 25% increase in osmotic pressure; C: 5 min after return to normal 
Ringer’s solution. 
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probably account for the gradual progressive increase in the frequency of the 
miniature discharge seen in some fibres during prolonged recording in that 
minute movements of the preparation due to turbulence in solution flow and 
any vibration communicated to the microelectrode via the manipulator could 
injure the adjacent nerve terminals. Similarly, the occasional high frequencies 
observed immediately following penetration (e.g. values greater than 20/sec 
in Fig. 3) could be accounted for by damage to the nerve terminal as the 
electrode approached the fibre surface. 

The miniature potential discharge appeared relatively resistant to anoxia— 
certainly more so than neuromuscular transmission. Miniature potentials 
could be recorded at normal frequencies for at least 20 min after the immersion 
of diaphragms in non-oxygenated Ringer’s solution and similarly in the 
gracilis im sttu 15 min after the barbiturate-induced death of the rat. How- 
ever, prolonged anoxia, induced for instance by immersing the preparation in 
Ringer’s solution beneath a layer of paraffin, eventually produced very high 
frequencies, although there is a considerable likelihood that mechanisms other 
than anoxia alone, e.g. potassium accumulation, were involved. Sodium 
cyanide in a concentration of 2mm reduced the muscle membrane resting 
potential to a steady value of 40-45 mV within 5 min but had no effect on the 
miniature potential over an observed period of 25 min. 

Extracellular recording of miniature potentials. Occasionally it was possible 
both in vive and im vitro to detect the miniature discharge with the micro- 
electrode tip situated on the surface of the junctional zone of the muscle fibre. 


Under these conditions, as in the frog (Fatt & Katz, 1952), there were certain 
‘differences from the intracellular records: 


(i) The polarity of the potentials was reversed, i.e. an increasing negativity 
of the microelectrode relative to the indifferent electrode was recorded in 
contrast to the intracellular decreasing negativity (Fig. 10). This change of 
polarity was extremely sensitive to slight movements of the microelectrode 
as would be expected from the tenuous nature of the surface membrane. 

(ii) The extracellular localization of the miniature potentials was very 
critical, as evidenced by the fact that, although in many hundreds of fibres 
the discharge was detected intracellularly, in only five fibres was any external 
sign of activity observed. 

(iii) The time course of the miniature potentials was briefer when recorded 
extracellularly as illustrated by Table 2 and Fig. 11 B. The explanation of these 
differing time courses lies in consideration of the currents flowing in the con- 
ventional equivalent circuit of the fibre membrane as a number of capacitor- 
resistor-battery elements arranged in parallel. The extracellular electrode 


‘Tecords the potential change produced by the current that flows as the 
capacitor elements rapidly equalize their charge. By contrast the intracellular 


electrode at the junction (as at points distant), records a potential change until 
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such time as the charge on the capacitors is fully restored by the battery 


elements. 
(iv) In four of the five fibres in which both extra- and intracellular observa- 


tions of miniature potentials were made, the extracellularly recorded discharge 
was noted to be of lower frequency than that recorded intracellularly, but this 
difference lay only at the ‘probable’ level of statistical significance. In the 
fifth fibre, however (Fig. 11 A), the externally recorded discharge was only 20% 
of the internal recorded rate. 


SSS 

my msec 2mV msec 


Fig. 10. Intra- and extracellular records of miniature potentials, all at the same junction. 
A: internal recording; B: external recording. C and D: corresponding records on faster time 
base. Note reversed polarity and faster time course of the externally recorded potentials. 
Membrane potential was 72 mV. 


TaBLE 2. Time course of miniature potentials 


Duration of rising phase* Half decay time* 
(msec) (msec) 
Extracellular 0-80 (s.p. 0-2) 1-25 (s.p. 0-22) 
Intracellular 1-35 (s.p. 0-28) 1-60 (8.D. 0-14) 


* mean of sixteen measurements in each case. 


In all cases the extracellularly observed miniature potentials showed a much 
greater dispersion of amplitudes than their intracellular counterparts, the 
co-efficient of variation of the amplitudes of the former being approximately 
double that of the latter. These observations accord with the concept of 
‘active spots’ in the end plate surface as postulated by Fatt & Katz (1952) in 
the frog, but also suggest that the spatial dispersion of such ‘active spots’ is 
less.in the rat than in amphibia, the external microelectrode thereby being 
less discriminative at the mammalian junction. | 
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The miniature discharge as a stochastic process. In the rat, as in the frog, the 
sequence of miniature potentials appeared to be completely irregular. More- 
over, no short bursts of high frequency activity such as occur at frog junctions 
(Fatt & Katz, 1952) were observed. However, in view of the relative frequency 
of ‘miniature’ potentials with amplitudes several times that of the modal 
value, it became necessary to submit the apparent randomness of the miniature 
discharge to statistical test. 


Fig. 11. A 1-3. Intra- and extracellular records at another junction. Note that the externally 
recorded miniature discharge (A 2) was of much lower frequency than that internally recorded 
(Al and A3), B: comparison of time courses of internal (J) and external (Z) miniature 
potentials from the experiment of Fig. 10 and Table 2. The two curves, each representing 
the mean time course of sixteen miniature potentials, have been scaled to the same maximum, 


disregarding the opposite polarities. 

For this purpose the method of analysis described by Feller (1950) and used 
by Fatt & Katz (1952) on their data from the frog was employed. For complete 
randomness of the discharge, that is, where the probability of occurrence of 
any one discharge is independent of preceding activity, the relevant relations 
are: (a) for an interval At, very brief compared with the mean interval 7’, the 
probability of at least one discharge is given by P=At/T7; (b) for a longer 
interval ¢ the probability of at least one discharge increases exponentially and 
is given by P=1—exp (—t/T); (c) the intervals between successive discharges 
in a large series of observations (total number N) are distributed exponentially, 
the frequency of any interval between ¢ and t+At being given by n= NAt/T 
exp (—?/T). 

The applicability of these relations was tested on a series of 929 miniature 
potentials which covered a total period of 508-1 sec giving a mean frequency of 
1-83 per sec and mean interval 7’ of 547 msec. No significant alteration in the 
Mean frequency occurred during the recording of this series. Successive 
intervals between individual miniature potentials were grouped into brackets, 
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At, of 50 msec. The resulting distribution, as shown in Fig. 12, fits reasonably 
with the theoretical distribution for a stochastic process; n=NAt/T exp 
(—t/T): (y2=26-1, f=40). Similarly, as shown in Fig. 13, plotting the total 
number of intervals of duration less than ¢ against ¢ gives a curve which accords 
closely with the predicted curve P=1—exp (—t/T). From these results there 
is little to suggest that the discharge is other than completely random. 


5 sec 


0 i 2 
Interval (t) 


Fig. 12. Distribution of time intervals, in brackets At of 50 msec, in a series of 929 miniature 
potentials (from the experiment of Fig. 2), Mean interval 7' of 547 msec indicated by arrow. 
Continuous curve is the graph for a stochastic process n = NAt/T' exp ( -t/T'), where N = total 
number of observations (=928). As the briefest interval which could be resolved in this 
experiment was 2 msec, the interval from 0 to 0-002 sec must be considered blank. Hence 


the curve n = NAt/T exp ( - t/T’) deviates, because the first bracket At comprises only 48 msec 
after ¢=2 msec. 


However, investigation of the statistical distribution of amplitudes of the 
same series of miniature potentials indicates that some form of interaction 
certainly does occur. Fig. 2 illustrates this distribution for 903 miniature 
potentials. In twenty-six miniature potentials the amplitudes could not be 
determined accurately as the peaks occurred during the 3 msec ‘flyback’ of 
the C.R.O. beam: no potential could be lost entirely during the ‘flyback’ 
however, hence measurement of the intervals between discharges was still 
possible. The amplitudes of 887 of the 903 miniature potentials are distributed 
approximately normally about a mean value of 0-59 mV with a coefficient of 
variation of 30-9%. Further there are no marked secondary humps and the 
amplitudes do not tail off to zero. Hence this population would appear to 


indicat 
scatter 
(a) ' 
1955) 
presyn 
(b) 
situate 
(c) 
| 100 activa 
(d) 
| small 
| 4 
340, 
"| 
20 
4 
Fig. 1 
fi 
0 
B 
and 
the | 
as a 
of t 
con 
was 
wit! 
suc’ 


SPONTANEOUS ACTIVITY AT MAMMALIAN NMJ 668 


indicate the existence, as in the frog, of a standard sized ‘unit’ discharge. The 
scatter about the mean value could result from several factors: 

(a) The finite dimensions of the nerve terminals (mean diameter 31 p, Cole, 
1955) resulting in a spatial dispersion relative to the microelectrode of the 
presynaptic ‘releasers’ of these jets of acetylcholine. 

(b) The conformation of the terminals leading to some ‘releasers’ being 
situated at points less effective than others for postsynaptic stimulation. 

(c) Possible postsynaptic effects of facilitation or depression as a result of 
activation by previous discharges. 

(d) Base-line ‘noise’ voltage which had a range of c. +50yV leading to 
small inaccuracies in measurement. 


su 


No. of intervals (of duration between 0 and t) 
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Fig. 13. Total number of observed intervals of duration less than ¢ (from the experiment of Figs. 2 
and 12) have been plotted against interval duration ¢. Circles represent observed values and the 
full line the theoretical curve y=N (1 -exp (-t/7)), where N and 7 each have the same 
meaning and value as in Fig. 12. 


Besides this population, however, there is a group of eleven discharges with 
amplitudes approximately double the unit value, two discharges about treble 
and three about 4 or 5 times the mean size. These would appear to represent 
the simultaneous occurrence of 2, 3 or more discharges respectively. Further, 
as a high sweep velocity was employed, it was possible to ascertain that none 
of these larger discharges showed a ‘stepped’ rising phase. Under these 
conditions the minimum interval between discharges which could be resolved 
was effectively 2 msec. The probability of one discnarge following another 
within such an interval is given by At/7 = 2/547 = 1/274. The chances that two 
such intervals (leading to a treble discharge) follow each other is given by 
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(1/274)? 1/75,000, Similarly, the probabilities of quadruple or quintuple 
discharges are respectively } x 10~* and 1/5-6 x 10-*. Hence, were the discharges 
completely random, we might reasonably have expected to encounter three 
or four ‘double’ discharges, but not any larger discharges. Thus the observa- 
tion of eleven double discharges and five with triple or even greater unit content 
strongly suggests that at brief intervals at least the sequence cannot be con- 
sidered entirely random. 
DISCUSSION 

The occurrence of spontaneous subthreshold activity at the mammalian 
neuromuscular junction was not unexpected, and the present observations 
indicate that this activity conforms fundamentally to the pattern observed in 
the frog (Fatt & Katz, 1952). Species variation in mean amplitude and 
frequency of the miniature discharge may be accounted for by differences in 
multiple interacting factors including temperature, ionic media, excitable 
membrane constants and motor terminal morphology. The basic picture stands, 
of the spontaneous release of small quanta of transmitter substance from 
motor nerve terminals, although a complete explanation of the mechanism of 
this release is lacking. 

In this connexion the present evidence that, in the rat at least, the dis- 
charges tend to ‘couple’ or ‘snowball’ is of interest, indicating as it does some 
form of interaction or facilitation between discharges. Although in the frog 
calculations of the random fluctuations in membrane potential consequent 
upon ionic agitation have given equivocal results in relation to the attainment 
of threshold levels of excitation, an increase in the mean frequency of the 
miniature potentials has been observed in both the frog (del Castillo & Katz, 
1954d) and the rat (Liley, unpublished observations) when the terminals have 
been depolarized by current flow. Hence the interaction of discharges could 
be explained by the proposition that presynaptic electrical activity accom- 
panies the release of a given quantum and that this activity may enhance the 
release of a neighbouring quantum. 

On the other hand, the observation by del Castillo & Katz (19556) of the 
occurrence of the miniature discharge from terminals rendered depolarized 
and completely inexcitable by a medium of 95 mm-potassium sulphate would 
appear to preclude the accompaniment of the quantal transmitter release by 
any form of presynaptic electrical activity unless it be of the nature of thermal 
ionic noise, the amplitude of which is, naturally, quite independent of the level 
of the membrane potential. . 

The effect of prostigmine on the miniature potential amplitude adequately 
accounts for earlier descriptions of fibrillation induced in mammalian muscles 
by anticholinesterases (Eccles, Katz & Kuffler, 1942; Masland & Wigton, 


1940), although the origin of fasciculation which implies changes in presynaptic 
activity remains obscure. 
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SUMMARY 


1. Spontaneous subthreshold activity has been recorded intracellularly at 
neuromuscular junctions in the albino rat. 

2. This activity, which is abolished by tubocurarine, consists of miniature 
e.p.p.’s of amplitude 0-5-1 mV and modal frequency 1-2 per sec. 

3. The amplitude of the miniature e.p.p.’s is increased by prostigmine. 

4. The mean frequency of the miniature e.p.p.’s is influenced by temperature 
and osmotic pressure change. Indirect stimulation, either single or repetitive, 
produces a temporary increase in the frequency of the discharge. With 
repetitive stimulation this increase exhibits a time course closely resembling 
that of post-tetanic potentiation of an e.p.p. in a curarized fibre. 

5. Under suitable conditions the miniature e.p.p.’s may be detected 
extracellularly. 

6. The discharge of miniature e.p.p.’s appears to be a time-dependent 
stochastic process, except at very brief discharge intervals, when some form 
of interaction occurs. 


The author wishes to express his gratitude to Prof. J. C. Eccles for his helpful advice during the 
course of this investigation. 
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CHOLINE ACETYLASE IN ANTERO- AND RETRO-GRADE 
DEGENERATION OF A CHOLINERGIC NERVE 


By CATHERINE O. HEBB anp G. M. H. WAITES 
From the A.R.C. Institute of Animal Physiology, Babraham, Cambridge 


(Received 20 February 1956) 


Feldberg (1943), and later Banister & Scrase (1950), showed that after dener- 
vation the superior cervical ganglion gradually loses its ability to synthesize 
acetylcholine. Neither of the methods used in these investigations permitted 
direct measurement of choline acetylase activity. Even though that em- 
ployed by Banister & Scrase was very sensitive, the rate-determining factor 
in the production of ACh in their system need not have been choline acety- 
lase; equally it could have been the activity of the enzymes which are neces- 
sary to produce acetyl coenzyme A, the substrate required by choline acetylase. 
The problem is resolved in the present experiments by using a system in 
which acetyl CoA is provided separately (Hebb, 1955). This method permits 
a direct measurement of ChA (choline acetylase) activity and we have been 
able to determine how the ChA of the cervical sympathetic nerve is affected 
by degenerative section. 


METHODS 


Fifteen Welsh mountain sheep (thirteen male castrates age 24-8 months, wt. 15-36 kg, two 
ewes approximate age 4 years, wt. 29 and 30-5 kg) and two cats (both female, age 2 years, wt. 
18 and 2-5 kg) were used in the experiments. Chronic and acute operations on the cats were 
done, as described by Banister & Scrase (1950). In both chronic and acute operations on sheep, 
induction with pentobarbitone (‘Nembutal’, Abbott’s veterinary solution, 0-28-0-6 ml/kg intra- 
venously) was followed by cyclopropane anaesthesia. The tissues were removed for analysis at 
the acute operation between 2 and 28 days after section of the nerve. In nine sheep the cervical 
sympathetic nerve on one side (eight on the right and one on the left) was divided at the 
caudal pole of the superior cervical ganglion; while in four others the sections were performed in 
the mid-cervical region through a paramedial incision (only on the right side). 

Measurement of choline acetylase activity. The ganglia and nerves removed from the animal 
were treated as follows: outer coverings of connective tissue were stripped off as completely as 
possible; the nervous tissue was cut into smaller pieces; and these were macerated in a mortar 
in two successive washes of cold (-—10° C) dry acetone (c. 150 ml.), which with the tissue (40- 
160 mg) was filtered off through a small Buchner funnel (one layer of Whatman no. 30 paper). 
In early experiments it was found that large losses of enzyme occurred if the tissue was ground 
too finely, For this reason we used the pestle only to flatten and break up the tissue enough for 
the drying action of the acetone to be effective. The tissue residue recovered from the filter was 
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dried in vacuo (at 300 mm Hg below atmospheric pressure) over P,O, for 4-5 hr. It was then 
weighed and made up in cysteine-saline (3 mg L-cysteine/ml.) in a concentration of 25 mg ace- 
tone powder/ml. The tissue-saline suspension was kept at -17° C for 1-4 days. Before incuba- 
tion the frozen extracts were thawed and briefly centrifuged (1550 g for 3 min). 

In a number of experiments duplicate incubations to determine choline acetylase activity 
were done, using two separate systems for synthesis in the presence of either acetate or citrate 
(Hebb, 1955). Later a modification combining these methods was tried, and since it was slightly 
more sensitive it was adopted as a routine. In the modified system the incubation (at 37° C) 
was done in two steps: | 

(1) An initial incubation from 10 to 15 min of the following: 

1. 70 units crude yeast CoA (Hebb, 1955). 

2. 0-8 ml. of a reaction mixture made up as follows: 23-8 ml. K-ATP originally containing 
540 mg Ba-ATP; 4 ml. 4% choline; 2-2 ml. 24% KCL; 2 ml. 0-5% eserine sulphate. 

3. 0-1 ml. 2-4% MgCl, .6H,0. 

4. 0-2 ml. 6-3% Na citrate. 

5. 0-1 ml. 0-5% Na,HPO,. 

6. 0-1 ml. 2-7% Na acetate.3H,0. 

7. 0-1 ml. 6% L-cysteine HCl (neutralized with KOH). 


8. 0-10-0-12 ml. aged frozen liver enzyme (Kaplan & Lipmann, 1948). 
9. Water to bring total volume to 2-1 ml. 


(2) The addition of 0-4 ml. extract of test tissue and incubation for 1 hr at 37° C. The ACh 
formed at the end of incubation was assayed on the frog rectus abdominis muscle, using pre- 
cautions described by Feldberg & Hebb (1947). 


RESULTS 


The results are shown in the accompanying graph in which the ChA activity 
of the superior cervical ganglion and of the cervical sympathetic nerve on the 
operated side is expressed as a percentage of the values of the corresponding 
structure on the unoperated side in the same animal. In control experiments 
it was found that the difference between the two cervical sympathetic nerves 
or the two superior cervical ganglia of the same individual did not exceed 
20%, a difference which could represent the sum of the errors of estimation. 
Larger differences were found when the cervical sympathetic nerves and the 
superior cervical ganglia of one animal were compared with those of another. 
In the thirteen sheep the values found for ChA activity in normal (i.e. non- 
denervated) ganglia varied from 5 to 10 mg ACh synthesized/g dried tissue/hr 
at 37°C. The range of values for the unsectioned cervical sympathetic 
nerve trunk was from 4-2 to 9 mg. The variations observed appeared to be 
related to differences in structure, particularly the amount of connective tissue 
within the nerve trunk and ganglia. 

The graph shows that within 48 hr of section of the cervical sympathetic 
a significant fall of ChA activity occurred in the superior cervical ganglion. 
The fall continued steadily for 5-6 days when the activity was about 5°, of 
the control tissue; then there was a further slower loss and at 3 and 4 weeks 
after section the values were only 0-7-1-5 and 0-1:5% respectively. The loss 
of activity from the denervated superior cervical ganglion 1 week or longer 
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after section was found to be about the same whether the point of section 
was immediately caudal to the lower pole of the ganglion or much lower in 
the neck, some 12-15 cm farther away from the ganglion. It may also be 
seen from the graph that in the group of experiments in which the nerve was 
sectioned at the lower point the loss of ChA from the nerve trunk beyond the 
section was equivalent to the loss of enzyme from the ganglion—that is, all 
parts of the nerve distal to the section were equally affected. 
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Days 
Fig. 1. Graph showing ChA activity of cervical sympathetic nerves and s.c.G. (superior cervical 
ganglion) at zero time and for 2-28 days following section of the cervical sympathetic nerve 
. (1) immediately caudal to the s.c.c., and (2) in the lower cervical region. Ordinate: ChA 
activity, yield of ACh from sectioned nerves expressed as a percentage of the yield from the 
corresponding structure on the unoperated side of the same animal. Abscissa: time in days 
from date of operation. (1) Section of cervical sympathetic nerve in sheep immediately 
caudal to 8.0.4. @, ChA activity of s.c.¢.; O, ChA activity of nerve trunk central to point 
of section. (2) Section of cervical sympathetic nerve in sheep in lower cervical region. 
x, ChA activity of s.c.c.; +, ChA activity of nerve trunk lying between section and 8.C.<. ; 
A, values for ChA activity of cat s.c.c. after section of cervical sympathetic nerve in mid- 
cervical region. 
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The loss of ChA activity from the superior cervical ganglion of two cats, 
one tested 6 and the other 13 days after denervation, was of the same order 
as the loss observed in sheep ganglia for similar periods of degeneration. Thus 
the results confirmed those described earlier by Banister & Scrase (1950), and 
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showed that the reduced ACh synthesis observed by these authors in dener- 
vated ganglia could be wholly accounted for as a loss of ChA activity. Though 
in their experiments the enzymic formation of acetyl CoA might also have 
been affected, the change in ChA by itself could have brought about the 
reduced rate of synthesis which they found. 

In contrast to the effects produced by section on the distal part of the 
nerve, the first effect on the proximal end was a rise in its ChA content. 
Expressed in terms of the yield of ACh/g acetone-dried tissue/hr, the largest 
increase observed was about 55%. In fact, however, the total amount of 
enzyme in the proximal portion of the nerve may have been more than the 
graph indicates since the dry weight of tissue per unit length of nerve also 
increased initially: in one experiment it doubled, in others the change was 
less than this. Enlargement of the nerve and a rise in ChA activity were both 
observed only during the first few days after section of the nerve. During the 
second, third and fourth weeks of degeneration there was no significant differ- 
ence in the dry weight or in the ChA content of the proximal part of the sec- 
tioned nerve as compared with the corresponding part of the unsectioned 
nerve. 

DISCUSSION 
That nearly all the ChA should disappear from the distal part of a sectioned 
nerve is not surprising since it has for some time been thought that the source 
of the ChA which is found throughout a cholinergic neurone is the cell body. 
On this view the enzyme in the axon is in transit from the cell body where 
it is manufactured to the endings where it is used. While our experiments 
furnish no proof for the idea, it is for the present the most reasonable way of 
explaining our results: on the one hand, the fall of enzyme in the distal part 
of the nerve is in effect a cutting off of the supply of newly manufactured 
enzyme; on the other hand, the initial rise in the ChA content of the proximal 
part of the nerve may represent a piling up of enzyme in the axon due to its 
continued production in the cell at a time when it can no longer be-utilized. 

A somewhat similar situation has been recorded by Sawyer (1946). He 
showed that true cholinesterase accumulated in the nerve stump on the cen- 
tral side of section in the cut sciatic nerve of the guinea-pig. Its concentra- 
tion in the fresh nerve tissue increased to about 300% within 10-14 days 
after operation. On the other side of the section, however, the true cholin- 
esterase fell to about 40% of its control value. Sawyer concluded that the 
greater part of the enzyme in the proximal regenerating stump must have 
been secreted by the axis cylinders. Again it seems a reasonable inference 
that the enzyme which is so secreted was originally derived from the cell body. 

It is now well known that acetylating enzymes depend for their activity 
upon the presence of acetyl CoA. The production of acetyl CoA is an enzymic 
process, and in the earlier experiments of Banister & Scrase (1950) its produc- 
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tion from citrate in the presence of CoA might have been the rate-limiting 
factor which determined the yield of ACh. In other words, their experiments 
did not determine whether anterograde degeneration was associated with a 
loss of ChA, or a loss of the enzymes which can produce acetyl CoA. The 
present results, however, are in reasonably good agreement with theirs; and 
since the method we have used is a method of measuring ChA activity 
independently of other enzyme changes it may be concluded that in their 
experiments as well as in our own the observed fall in ACh synthesis is a 
measure of the ChA activity lost by the nerve. 


SUMMARY 


1. Measurement of the choline acetylase of cervical sympathetic nerves and 
superior cervical ganglia in sheep after chronic degenerative section of the 
cervical sympathetic nerve leads in the distal part of the nerve to a fall in 
its choline acetylase content. 

2. The residual enzyme activity 1 week after section is about 5% of the 
control and at 4 weeks is between 0 and 1-5°%, of the control. 

3. The proximal part of the nerve behaves quite differently. Here the 
enzyme content is higher than normal during the first few days after section; 
then for a subsequent period of 12 days to 3 weeks it remains at about the 
same level as the enzyme in the control unsectioned nerves. 


We wish to thank Mr Bennet of Greene King and Sons for supplying the yeast used; Mr 
Gordon Bull for carrying out the preparations of coenzyme A and of ATP; and Miss Mary Lawes, 
Miss Miriam Leonard and Mr Graham Jones for their assistance in the experiments. Part of the 
expenses for this research were defrayed by a grant to one of us (C.O.H.) from the Royal Society 
whose help we acknowledge with thanks. 
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THE ACTION ON MYTILUS MUSCLE OF A HEAT-STABLE 
PRINCIPLE IN PARTIALLY PURIFIED TYPE A BOTULINUM 
TOXIN PREPARATIONS 


By J. LOWY 
From the Department of Zoology, Queen’s University of Belfast 


(Received 2 March 1956) 


Tonic contraction in smooth muscles of lamellibranch molluscs is known to be 
associated with electrical activity due to discharges from muscle fibres 
(Lowy, 1955). The nature of the electromyogram, the presence of ganglion 
cells within the muscle (Bowden & Lowy, 1955) and the occurrence of spon- 
taneous rhythmic contractions in (externally) denervated preparations (Hoyle 
& Lowy, 1956), suggest that tonus is maintained by the activity of a peripheral 
nervous system, which is composed of unmyelinated fibres and on histo- 
chemical evidence (Bowden & Lowy, 1955) appears to be of a cholinergic 
nature. The original object of the present work was to test this hypothesis. 

It was argued that if tonus in (externally) denervated lamellibranch smooth 
muscle is neurogenic, botulinum toxin should abolish it—provided that the 
toxin acts on mollusc material as it does on the rat diaphragm preparation, 
where it is believed to paralyse selectively cholinergic unmyelinated nerve 
terminals (Burgen, Dickens & Zatman, 1949). The experiments to be described 
show that botulinum toxin does in fact have a paralysing effect on the smooth 
muscles of Mytilus edulis, but that this is not due to the principle which acts 
on vertebrate material, and therefore cannot be taken as evidence for the 
cholinergic nature of the peripheral nervous system responsible for the tonic 
contraction in smooth muscles of lamellibranch molluscs. 


METHODS 


Large specimens of Mytilus edulis were collected at Whiteabbey (Belfast Lough) and maintained 
in sea-water aquaria at about 15° C. Isolated preparations were made from the anterior byssus 
retractor muscle (ABRM) and from the posterior adductor (PAM), and preparations in situ 
(innervated) from one of the posterior byssus retractors (PBRM) and from the PAM. The method 
of preparation of the ABRM has been described by Hoyle & Lowy (1956). To obtain strip prepara- 
tions from the PAM, small disks were cut out of the shell in the regions to which this muscle is 
attached. PAM strips used were about 15 mm long and 4 mm broad. The isolated preparations 
were suspended at room temperature (18—20° C) in a 50 ml. glass chamber filled with sea water 
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through which oxygen was bubbled continuously. The contents of the chamber could be changed 
overflow, 
chloride (ACh) or, in the case of innervated preparations, by reflex stimulation. In all experiments 
mechanical responses were recorded by an isometric lever writing on a smoked drum. When an 
isolated preparation was to be stimulated electrically, the sea water was run out of the bath. 
Square wave pulses (duration 20 msec, 2-4 V) at 5/sec were used to evoke consistently reprodu- 
cible phasic responses and a direct current voltage of 1-3 V for 3 sec to induce tonic contraction 
(ef. Winton, 1937; Hoyle & Lowy, 1956). When ACh was used, it was added to the bath to give a 
final concentration in terms of the salt of 1 ug/ml. The drug was allowed to act for 15 sec before 

The type A botulinum toxin was a preparation partially purified as described by Burgen, 
et al, (1949). It was made up in sea water to give 18 x 10* mouse LD,,/ml. and used immediately. 
In the experiments with isolated preparations the bath was emptied and 1 ml. of the toxin applied 
to the muscle in drops from a pipette. 

The preparation of an innervated PAM and the method of recording from it have been de- 
scribed in a previous paper (Lowy, 1953), which also gives an account of the relations of the nerves 
and muscles in Mytilus referred to here. To make the innervated PBRM preparation an animal 
was cut in half by dividing the adductor and retractor muscles. Taking one half of the animal, all 
the posterior byssus retractor muscles were removed except the one nearest the PAM. The byssus 
attachment was left intact; and a thread tied to it then connected this remaining PBRM to an 
isometric lever. The cerebral and pedal ganglia were destroyed and the cerebro-visceral connective 
was cut in the region of the pedal retractor. Thus the nervous system left intact consisted of: 
sense organs situated along the posterior mantle edge; nerves leading from this region into one 
visceral ganglion; and (coming from this ganglion) a short length of the cerebro-visceral connective 
from which a branch containing motor axons leads to the PBRM (Lowy, unpublished). 

ACh was applied to the innervated muscles in drops from a pipette as was botulinum toxin when 
used on the PBRM. In the case of the innervated PAM the toxin was injected directly into the 
muscle. 


RESULTS 


Isolated whole ABRM and PAM strip preparations. Tonic contractions are 
brought about either by direct current (DC) or by ACh (Twarog, 1954). Treat- 
ment of such a tonically contracted muscle with the botulinum toxin prepara- 
tion causes complete relaxation within 2-5 min (Fig. 1, at BT). When the toxin 
is washed out the muscle is excitable and gives perfectly normal phasic contrac- 
tions. In contrast, its capacity for tonic responses, produced either by DC or 
ACh, is considerably impaired. The muscle acquires its normal capacity for 
tonic contraction 30 min or so after repeated washing with fresh sea water. 

The botulinum toxin preparation was found to retain its paralysing effect 
on tonic contraction after boiling in a water-bath for 1 hr and inactivating the 
toxin. The finding that the active substance in the toxin preparation is heat- 
stable and that the action of the boiled or unboiled preparation is reversible 
shows that the substance responsible for the effects described cannot be due to 
the active principle in botulinum toxin. This was further confirmed by the 
fact that solutions of the toxin preparation neutralized with type A horse 
antiserum produced relaxation of tonically contracted Mytilus muscle. This 


result was not unexpected as horse serum contains 5-hydroxytryptamine 
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(5-HT) which is known to abolish tonus in Mytilus muscle without appreciably 
affecting phasic responses (Hoyle & Lowy, 1956). The action of 5-HT is shown 
for comparison (Fig. 1, at HT). As estimated by the length of time for which 
tonic responses are depressed, the preparations tested can be arranged as 
follows: 5-HT (several hours), type A botulinum toxin boiled or unboiled (up 
to 30 min), normal horse serum (about 10 min), type A horse anti-serum (less 
than 5 min). 


— — E ACh HT EE ACh ACh 


Fig. 1. Contractions of the anterior byssus retractor muscle of Mytilus suspended in 50 ml. sea 
water. (E) phasic contractions to 2 sec stimulation with square wave pulses at 5/sec. 
(ACh) tonic contractions to ACh 10-*. (BT) relaxation due to application of botulinum toxin. 
(HT) relaxation due to 5-hydroxytryptamine 10-*. At (x ) the bath solution was changed. 
Between the last two ACh contractions the drum was stopped for 1 hr. Time mark 10 sec. 
(For details see text.) 


Innervated PBRM and PAM preparations. Consistently reproducible tonic 
responses of the innervated PBRM can be evoked reflexly (via the visceral 
ganglion) by tactile stimulation of sense organs situated along the posterior 
mantle edge. Application of botulinum toxin to such a tonically contracted 
PBRM results in relaxation, the speed and extent of which vary from one 
muscle to another. In a number of instances spontaneous phasic activity has 
been observed for a few minutes following the initial relaxation. It is possible 
to excite the toxin-relaxed muscle reflexly, but this evokes only a relatively 
short-lasting tonic contraction. The paralysed state disappears within an hour 
or so when the muscle is washed frequently with fresh sea water. 

The innervated PAM normally maintains a state of tonus (Lowy, 1953). 
Because of the muscle’s thickness, the toxin has to be injected at a number of 
sites. Even then the results are rather uncertain: sometimes the toxin-treated 
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muscle shows no detectable relaxation, more often relaxation proceeds in a 
stepwise manner, followed shortly afterwards by spontaneous phasic contrac- 
tions of gradually diminishing size and frequency which may continue for 
about 30 min, This effect is not due to mechanical stimulation of the muscle 
caused by insertion of the hypodermic needle, as it is also observed in the 
innervated PBRM where the toxin is applied in drops from a pipette. Reflex 
stimulation of the toxin-treated PAM gives results similar to those described 
for the innervated PBRM, i.e. the capacity for tonic contraction is reversibly 
depressed. 

The action of botulinum toxin on innervated Mytilus muscle resembles in all 
details that of 5-HT on such preparations, except that the action of 5-HT is 
more drastic and longer lasting (Lowy, unpublished) than that of the toxin. 
The muscles relaxed by either toxin or 5-HT can be excited via nerves to give 
phasic responses ; furthermore, after the initial relaxation, spontaneous phasic 
activity may occur and, finally, the selective depression of tonic responses is 
reversible. 

DISCUSSION 


The fact that the action of the partially purified botulinum toxin on Mytilus 
muscle is not destroyed by boiling demonstrates that the substance involved 
cannot be the same as that which paralyses vertebrate cholinergic nerve 
endings. This is further substantiated by the finding that, unlike the irrever- 
sible action of the heat-labile toxin on vertebrate nerves, the action of the 
heat-stable principle on Mytilus muscle is reversible. 

At first it seemed as if there might be an incidental point of resemblance 
between Mytilus and vertebrate material in their response to the partially 
purified toxin: in both cases the treated muscle remains excitable. But the 
experiments with innervated mollusc muscle soon revealed that in contrast to 
the toxin-treated vertebrate muscle, which can only be excited directly, the 
treated Mytilus muscle continues to give phasic responses when stimulated via 
its motor nerves. It would appear, therefore, that in Mytilus muscle the heat- 
stable principle in the toxin preparation selectively paralyses the ‘tonic 
system’, i.e. it either inhibits spontaneously active ‘tonic’ muscle fibres or 
certain intrinsic nerve elements which are normally responsible for maintain- 
ing tonic contraction. In this respect the heat-stable toxin principle acts very 
much like 5-HT on Mytilus muscle and we must assume that the partially 
purified toxin contains a substance which exerts 5-HT-like activity. No experi- 
ments have been done to ascertain whether the substance is 5-HT or even an 
indolalkylamine. 
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SUMMARY 


1. The action of a heat-stable principle in partially purified type A botu- 
linum toxin preparations on Mytilus muscle has been studied. 

2. Untreated or boiled toxin preparations applied to a tonically contracted 
muscle cause complete relaxation. The capacity of the treated muscle for tonic 
responses is depressed but this effect is reversible. Phasic responses remain 
practically unaffected and can still be evoked by nervous stimulation. 

3. It is shown that the effects of the heat-stable principle in partially 
purified type A botulinum toxin on (externally) denervated and on innervated 
Mytilus muscle resemble those of 5-hydroxytryptamine (5-HT) on the same 
material, and the suggestion is put forward that some 5-HT-like substance is 


present in botulinum toxin preparations. 


I am grateful to Dr J. Keppie who supplied the botulinum toxin, the anti-toxin and normal 
horse serum. 
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THE RELATION BETWEEN FORCE AND INTEGRATED 
ELECTRICAL ACTIVITY IN FATIGUED MUSCLE 


By R. G. EDWARDS anp 0. C. J. LIPPOLD 
From the Department of Physiology, University College London 


(Received 9 March 1956) 


It has been shown by Lippold (1952) and Bigland, Hutter & Lippold (1953) 
that the force of an isometric contraction of a mammalian muscle is propor- 
tional to the voltage-time integral of the electrical activity recorded from it. 
For practical use to be made of these observations, it is necessary to deter- 
mine the limits within which this relationship holds. 

If, for instance, a voluntary contraction is to be maintained at a constant 
tension, it might be expected that more motor units would be recruited as 
the tension developed by fatigued units declined. Such an occurrence would 
alter, with the degree of fatigue, the proportionality between electrical activity 
and tension. Other factors in fatigue may well influence the relation, such 
as neuromuscular block (Brown & Burns, 1949) or the effect of activity on 
the size of action potentials (Brown & von Euler, 1938). 

The experiments to be reported here were designed to investigate the rela- 
tion between the electrical activity and the tension of isometrically con- 
tracting human muscle under conditions of fatigue. __ 


METHODS 


The tension in the calf muscles of human subjects was measured as described before (Lippold, 
Naylor & Treadwell, 1952). Action potentials were recorded by means of silver suction electrodes 
placed over the medial border of soleus muscle, where this is subcutaneous, and were integrated 
electronically, the integral being displayed by a Dekatron scaling unit. Calibration confirmed 
that the count in 5 sec was proportional to the input voltage, within the range utilized in the 
experiment. A parallel channel recorded the electromyogram and its integral (as pips) on moving 
paper to enable a subsequent check to be made. 


RESULTS 
Subjects were first required to make 5 sec periods of isometric contraction at 
a series of constant tensions. These were usually in steps of approximately 
3% over a range of 9-45 % of the maximum voluntary strength. During each 
5 sec period the electrical activity was recorded. After this procedure a con- 
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tinuous contraction at about 25% of maximum was maintained for about 
4 min in order to fatigue the muscle, 5 sec periods of recording being taken 
every 10 sec. At the end of this period, without relaxation of the calf muscles, 
5 sec counts of the same series of tension values were recorded in exactly the 
same manner as before. After 15 min rest, the experiment was usually 


(a) (b) 

Fig. 1. Records of electrical activity (a) 10 sec after the commencement of, and (b) approxi- 
mately 15 sec before the end of a 4 min period of isometric contraction at 25% maximum 
voluntary tension. From above downward are shown (1) the output of the integrator (each 
pip represents ten output pulses), (2) the action potential recording, and (3) time marking 
at 12 c/s. Surface electrodes over soleus muscle. 


400 


Count (Ssec periods) 
8 


0 1 2 3 4 5 6 
Time (min) 
Fig. 2. Recordings of integrated activity from soleus during continuous isometric contraction at 
25% maximum voluntary tension. 
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repeated. Kight subjects, male and female, performed fifteen experiments 
which produced comparable results. The first part of the experiment always 
showed a linear relation between activity and tension. It was, however, 
necessary to take precautions to prevent shortening of the muscle, as this 
produced a length-tension effect, destroying the linearity at high tension 
values. 

During the fatiguing contraction, the electrical activity always fell slightly 
during the first minute and then increased to above the resting level to an 
extent varying with the subject and the strength of the contraction relative 


Count (5 sec , eriods) (/,) 


8 


‘Tension (% max. vol. tension) —> (P) 


Fig. 3. Comparison of relation between integrated electrical activity and tension in soleus 
muscle (a) before and (5) after a 4 min fatiguing contraction. Tension values are given as a 
percentage of maximum voluntary tension; electrical activity in counts/5 sec. Curve (a) 
Y =19-1X + 18-2, r= +0-987 (correlation with a straight line). Curve (6) Y =31-32X — 35-1, 
r= +0-985. 


to the voluntary maximum (Figs. 1, 2). After 3 or 4 min the subject usually 
experienced unpleasant sensations in the calf, but the onset of this could not 
definitely be related to any change in the action potential count. 

When the electrical activity-tension recordings were repeated in the 
fatigued state, it was found that the counts were higher than before, as might 
have been expected from the behaviour of the integrated activity as fatigue 
progressed. In all experiments a straight-line relation resulted, usually with 
8 correlation as good as that found before fatigue. A typical result is given 
in Fig. 3, from which it can be seen that in fatigue the slope of the relation 
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1,/P is increased. The difference in slopes seemed to depend on the degree 
of fatigue evoked by the fatiguing contraction, as indicated by the rise in the 
activity during it. 
DISCUSSION 

The increase in electrical activity of the fatigued muscle, required to main- 
tain the same voluntary tension, is an indication that in this type of contrac- 
tion, fatigue must be due to a decrease in the contraction strength of the 
muscle fibres. As the contraction continues more fibres become active. This 
is in agreement with general views on fatigue of muscle (Bartley & Chute, 
1947), and with the experiments of Merton (1954) on small hand muscles 
under similar isometric conditions. 

The fact that the relation between tension and electrical activity is still 
linear, but with a steeper slope after fatigue, is in accordance with the view 
that the general properties of the muscle fibre are unaltered in fatigue, apart 
from a decrease in the tension that it is able to exert when excited. 

Factors other than this simple increase in the number of active units during 
fatigue may play a part in altering the relation between activity and tension. 
The ratio J ,/P in the single muscle fibre is probably altered during fatigue 
through effects on both J, and P, as the following two considerations show. 

(a) It is known that potassium leakage from active muscle fibres does occur 
(Fenn, 1937), while Brown & von Euler (1938) have shown that after a close 
arterial injection of KCl the action potential recorded from a muscle decreases 
in height. From these results and others (Lippold, unpublished) it is reason- 
able to infer that the area of an action potential from a muscle fibre 
decreases during fatigue. 

(6) Repetitive stimulation increases the duration of the active state in 
muscle (Ritchie & Wilkie, 1955), and this is responsible for the increase in 
efficiency of fatigued muscle described by Bronk (1930). Thus the tension- 
time developed by the fatigued fibre, when it is excited, is increased. 

Neuromuscular block might occur; this cannot however be responsible for 
part of the effect, for a blocked fibre would not exert tension, hence the net 
effect on the ratio J ,/P, as far as any change during a continuous submaximal 
contraction is concerned, must be nil. 

Whether the fatigue produced by this type of continuous isometric con- 
traction is strictly comparable with muscular fatigue occurring during normal 
activity is debatable. In continuous voluntary movements of human calf 
muscles, under nearly isometric conditions, Barcroft & Dornhorst (1949) 
found that the blood flow to the muscle was nearly stopped when the con- 
traction exceeded a certain strength. It may well be that the effects we have 
described here are due to circulatory arrest in the active muscles, and although 
this undoubtedly occurs in certain kinds of muscular exercise, it cannot be 
held responsible for fatigue under all conditions. 
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SUMMARY 


1. The relation between integrated electrical activity and tension has been 
investigated in the human calf muscles under conditions of isometric volun- 
tary contraction, in the normal and fatigued states. 

2. After a period of continuous isometric fatiguing contraction the relation 
is still a linear one but of different slope. More electrical activity is associated 
with the maintenance of a given tension in the fatigued state. 

3. During the course of a continuous isometric contraction of given strength, 
the electrical activity progressively increases. This is due to recruitment of 
motor units taking place to compensate the decrease in force of contraction 
occurring in the fatigued muscle fibres. 


We are indebted to the Nuffield Foundation for a grant in support of this work. 
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Activation of heteronymous motoneurones during post-tetanic 
potentiation. By F. B. Beswick, J. M. Evanson and P. H. Fenrem 


Simple amplifying circuit for use with a capacitance manometer. 
By V. Arrree and E. G. Wave 


Pick-up unit and amplifier for use with a ballistocardiographic 
table. By V. Arrresr and E. G, 


Apparatus for retraining of writing in writers’ cramp. By L. A. 
LIVERSEDGE 


Measurement and clinical use of the Haidinger effect. By E. J. 
and A, SraNworRTH 


Use of radioactive silver iodide to measure rate of transport of 
solid particles up the respiratory tract. By C. A. SHarpLes 


Multi-channel stimulator. By W. Scuiapp 
Tooth contact during chewing. By F. B. Beswick and E. Wayne 


Differential sedimentation of noradrenaline in homogenates of 
adrenal medullary granules. By N. R. Eape. Department of 
Pharmacology, University of Oxford 

The large granule fraction obtained from homogenates of the bovine adrenal 

medulla contains both adrenaline and noradrenaline (Hagen, 1954). Deter- 

minations of adrenaline and noradrenaline by a method based on that of 

Crawford & Outschoorn (1951) have now been carried out after further 

fractionation. 3 
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When a suspension of large granules in 0-3m sucrose, layered over 1-5m 
sucrose, was centrifuged at 142,000g, as recently described (Blaschko, Born, 
D’lorio & Eade, 1956) the sediment was not homogeneous. In one experiment 
it was subdivided into two fractions, one at the very bottom of the tube and 
the other immediately above it. The ratio, noradrenaline:adrenaline, was 
higher in the layer at the bottom of the tube. 

In seven experiments suspensions of large granules in 0-3M sucrose were 
layered over 2-0m sucrose and centrifuged as before. Much less sediment was 
formed and much more material was retained in the boundary region between 
the two sucrose solutions. In every experiment the noradrenaline: adrenaline 
ratio of the sediment was found to be higher than in the suspension from 
which the sediment was derived. 

In the seven experiments the amount of adrenaline sedimented was from 
7-4 to 24-0% (mean 13-2%) of the total adrenaline; however, 26-5-49-8% 
(mean 33-0°%) of the total noradrenaline was recovered in the sediment. The 
boundary region between the two sucrose solutions retained from 40-5 to 
755% (mean 58-8%) of the total adrenaline; 17-9 to 51-3% (mean 34-5%) 
of the total noradrenaline was retained in the layer. 

These observations show that a granular fraction of high density with a 
high noradrenaline and low adrenaline content can be separated from a fraction 
of lower density which contains both adrenaline and noradrenaline. 
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A biochemical and histological study of local connective tissue 
proliferation following subcutaneous injection, into guinea- 
pigs, of carrageenin, a sulphated polygalactose. By D. 8. 
Jackson, J. H. H. G. B. Stack and G. 


Vago-vagal reflex effects on the motility of the stomach and 
small intestine. By A. A. Harper, C. Kipp* and T. ScratcuErp. 
Department of Physiology, The Medical School, King’s College, Newcastle 
upon Tyne 1 

On stimulation of the central end of the abdominal vagus trunks, in addition 

to the effects on gastric and pancreatic secretion previously reported (Harper, 

Kidd & Scratcherd, 1955), changes have been observed in the motility of the 

stomach and small intestine. 


° Junior Luccock Research Fellow in the University of Durham. 


by: 
(w. 
| T 
low 
tiny 
effe 
con 
Tac 
in 
inte 
cut 
| In 
inc 
pe 
of 
stin 
‘ 
Stir 
a 
Th 
Rec 
bar 


& 


SOCIETY, 20-21 APRIL 1956 55 P 


_ In cats, anaesthetized with chloralose, records of gastric movements were 
obtained by means of a perforated rubber tube passed into the stomach via the 
oesophagus and attached to a float recorder. The pylorus was occluded and 
25 ml. n/200 HCl introduced into the stomach. Intestinal motility was 
recorded in a similar manner from a loop of duodenum 10-15 cm. long into 
which was put 10-15 ml. 0-9°% saline. The vomiting movements which follow 
electrical stimulation of the central end of the abdominal vagus branches were 
prevented either by section of the spinal cord in the upper cervical region or 
by small doses of p-tubocurarine dimethyl ether (diiodide), which block motor 
nerve endings without affecting transmission in the autonomic nervous system 
(W. D. M. Paton; personal communication). 

The central end of any one of the four branches of the vagus nerves in the 
lower thorax was stimulated with square-wave pulses from the Ritchie Sneath 
stimulator for ten successive 4 min periods with } min intervals. The usual 
effects of stimulation on the stomach were a loss of tone and cessation of 
contractions. Occasionally, against this background of diminished tone, which 
persisted throughout the 10 min stimulation period, there was a slight con- 
traction in response to each stimulation. In a few experiments a slight increase 
in tone and movements was observed. Simultaneously there was a marked 
intestinal contraction with each 4 min stimulation and an over-all rise in tone 
during the 10 min period. The reflex nature of the responses was confirmed by 
cutting the vagus nerves in the neck, after which no response could be obtained. 
In a number of animals, section of the vagus nerves was followed by a gradual 
increase of gastric tone and the appearance of regular contractions. These 
persisted for periods of 1-2 hr. 

The usual effects on the stomach of stimulation of the peripheral end of any 
of the abdominal vagal branches were a contraction during each 4 min 
stimulation and a fall in tone during the 10 min period. In a number of 
experiments contractions alone or together with a rise in tone were observed. 
Stimulation of the peripheral end of the dorsal vagus trunk usually produced 
a well-marked intestinal contraction at each stimulus application and a rise 
in tone over the whole 10 min period. 

REFERENCE 
Harper, A. A., Kidd, ©. & Scratcherd, T. (1955). J. Physiol. 129, 54-55 P. 


The transfer of fluorescein across the blood-aqueous barrier. By 
M. BE. Lanenam and Pavia Woop. Medical Research Council, Ophthalmo- 
logical Research Unit, Institute of Ophthalmology, Judd Street, W.C. 1 


Recent dynamic studies suggest that the passage across the blood-aqueous 
barrier of water soluble compounds of large molecular size, having a low steady 

state distribution ratio (Caq/Cp:), occurs by hydrodynamic flow (filtration). 
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However, there is uncertainty whether the transfer of these compounds takes 
place across the ciliary processes or the anterior surface of the iris. This 
problem has been studied using fluorescein as a test substance, and employing 
a fluorophotometric technique by which the degree of fluorescence in the 
anterior chamber may be continuously recorded (Langham & Wybar, 1954). 
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Fig. 1. The concentration of freely diffusible fluorescein in the anterior chamber and plasma of an 
anaesthetized rabbit given an intravenous infusion of 10% sodium fluorescein. The dotted 
line represents the final steady state concentration in the aqueous humour. 


The resistance of the barrier to the passage of fluorescein is indicated in Fig.1 
in which the distribution ratio approaches a value of 0-15. The initial delay in 
the appearance of fluorescein, and the deviation of observations from the 
exponential curve (k=0-013), are consistent with earlier findings that fluor- 
escein takes 240 + 29 (10) sec to pass through the posterior chamber, and that 
mixing in the anterior chamber takes 20-40 min (Langham, 1955). 

Confirmation that the dye enters principally across the ciliary processes (as 
suggested by Seidel, 1918) was made by analysing small samples of aqueous 
humour (8ul.) removed at approximately equal time intervals after an 
intravenous injection of 1-0 ml. 10% sodium fluorescein. From 1 to 5 min 
the mean concentrations in the posterior and anterior chambers were 
+23 x 10-4(6) ma and 0-11 + 0-13 x 10-* (6) ma respectively. During the 
next 9 min the corresponding concentrations were 44-7 + 14-2 x 10~ (8) mm 
and 15-5+9-6 x (8) mm. 
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Oestrus in winter following hypothalamic lesions in the ferret. By 
B. T. Donovan* and J. J. van Den Werrr Ten Boscu. Department of 
Neuroendocrinology, Institute of Psychiatry, Denmark Hill, London, 


In the course of an investigation into the neural control of the oestrous cycle i 
in the female ferret it has been found that lesions in the anterior hypothalamus iq 
may induce oestrus in mid-winter, i.e. at a time when ferrets are normally ia 
anoestrous. This observation provides the first clear example of increased "a 
production of gonadotrophin secretion in an experimental animal following | 

_ hypothalamic lesion. 

In an initial experiment electrolytic lesions were placed in the anterior hypo- 
thalamus of six albino female ferrets during the period 30 December 1955- 
$ January 1956. Three animals came into heat within 3 weeks of the operation. 
A further series of twenty-five ferrets was prepared on 19, 20 and 21 January 
1956. In twelve cases lesions were placed in the same position as in the 
previously operated animals and thirteen ferrets were sham operated. Eight } 
animals with lesions were in heat 7 weeks after the operation (five within i: 
4 weeks), whilst all sham-operated animals remained anoestrous. All ferrets 
were housed in a wooden hut lit by daylight and irregular periods of electric 
light between 9 a.m. and 5 p.m. 

On 21 February four animals of the first group, two oestrous and two 
anoestrous were killed. Gross examination of the brains of these animals 

showed that in the oestrous animals the lesions lay basally and immediately 
behind the optic chiasma. One anoestrous ferret had a more unilateral lesion 
destroying part of the right optic tract, and in the other the lesion was not 
visible at the surface of the brain. The brains are being investigated in more 
detail by histological means. The two oestrous ferrets had been mated with 
testosterone primed males and in one the vulval swelling had subsided. One 

, ovary of this ferret contained two very large follicles which lacked ova and 

were lined by luteal tissue. The ovaries of the other oestrous ferret contained 

ripe follicles whilst in the ovaries of the two anoestrous animals only small 
follicles were seen. 
It is possible that lesions in the anterior hypothalamus produce oestrus by 

the destruction of an ‘FSH-inhibiting centre’, thus permitting an increase in c 

the secretion of FSH by the adenohypophysis. An irritant effect of the lesion 

on neighbouring structures provides an alternative explanation, but such a 

view is unlikely since electrical stimulation of the anterior hypothalamus in ) 4 

ferrets for periods as long as 12 weeks has failed to induce heat in winter. The | 

occurrence of luteinization is evidence of the release of luteinizing hormone 
following coitus. It is of interest to speculate on the possible relationship 
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between the present findings and the condition of precocious puberty known 


to occur in young children in association with certain hypothalamic tumours _ 


(see Bauer, 1954). 
REFERENCE 
Bauer, H. G. (1954). J. clin. Endocrin. 14, 13-31. 


Two types of inhibition of cerebellar Purkinje cells. By R. Granir 
and ©. G. Pures. Nobel Institute for Neurophysiology, Karolinska 
Institutet, Stockholm, Sweden 


Increased polarization of the cell membrane is a well-known inhibitory process 
in spinal motoneurones (Brock, Coombs & Eccles, 1952), crayfish sensory 
neurones (Kuffler & Eyzaguirre, 1955) and Betz cells (Phillips, 1956). We have 
found that the discharge of cerebellar Purkinje cells in decerebrate cats may 
also be inhibited in this way. We have, further, seen a brief inhibitory process 
of a second type, which depo the membrane to a degree which temporarily 
inactivates it (cf. Hodgkin & Huxley, 1952). 


« 


record. (b) Intracellular records. Lower record shows the beginning of ‘inactivation’ on an 
expanded time scale (1000 c/s), and with positivity upward. (c) Intracellular record showing 
inhibition by hyperpolarization. 

Unit spikes, recorded with KCl-filled microcapillaries, have been identified 
as Purkinje cell impulses by antidromic or monosynaptic (probably climbing 
fibre) activation from cerebellar nuclei or overlying arbor vitae, In extra- 
cellular records the spikes, at first negative-going and up to 5 mV amplitude, 
tend to grow into diphasic positive-negative spikes which may reach 50 mV 
peak-to-peak. A few intracellular records have been obtained, but ‘resting’ 
and action potentials have deteriorated rapidly, and the frequency of discharge 
has always implied injury. 

The figure shows the interruption of impulse trains by brief ‘inactivations’, 
which in intracellular records appear as transient depolarizations prolonging the 
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downstrokes of the spikes that initiate them. In extracellular records these 
responses may be positive- or negative-going. Stunted spikes appear as the 
membrane repolarizes, and grow to full size as repolarization becomes complete. 
An example of inhibition by hyperpolarization is also shown. 

A similar membrane depolarization, with arrest of impulse discharge, is 
figured by Buser & Rougeul (1954) from an unidentified cell (assumed by them 
to be a Purkinje cell) in the pigeon. 
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Variations in motoneurone pool excitability. By W. Scutapp. 
Department of Physiology, University of Manchester 


It is well known that the efferent fibres to a particular muscle leave the spinal 
cord by a number of adjacent ventral roots (Sherrington, 1892; Jefferson, 
1954). Usually, monosynaptic reflexes are examined by recording from one 
ventral root only. 

An investigation was undertaken to compare the behaviour of two fractions 
of the same motoneurone pool, represented by the efferents in adjacent roots. 

The experiments have been performed using both flexor and extensor 
muscle nerves in spinal animals, with monosynaptic testing. Fractions of 
motoneurone pools on opposite sides of the body represented by corresponding 
ventral roots have also been compared by simultaneous stimulation. 

In general, the excitabilities of corresponding portions of motoneurone pools 
on opposite sides of the body vary independently when tested by single shocks 
at 5 sec intervals. The excitabilities of two fractions of the same motoneurone 
pool vary together. 

When the monosynaptic response is reduced by repetitive stimulation, one 
fraction of a motoneurone pool may be more affected than another. 


REFERENCES 
Jefferson, A. A. (1954). J. comp. Neurol. 100, 569-596. 
Sherrington, C. 8. (1892). J. Physiol. 18, 621-772. 


Supraspinal influence on central effects of group II volleys. By 
F. B. Beswick. Department of Physiology, University of Manchester 
Volleys in group II afferent nerves in spinal animals cause facilitation of 

flexor and inhibition of extensor monosynaptic responses (Lloyd, 1943). 
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In the present investigation, experiments have been performed on decere- 
brate cats before and after low spinal transection; stimulating and recording 
conditions remained unchanged throughout. Group II afferent volleys were 
produced in the sural nerve and in the medial or the posterior articular nerves 
to the knee joint. A small polysynaptic ventral root response in the decerebrate 
animal is converted into a considerable one by spinal transection. As compared 
with the spinal state, decerebrate animals show no enhanced excitability of 
extensor motoneurone pools such as might be expected to accompany rigidity. 
While the results of monosynaptic testing after group II conditioning in 
decerebrate animals are very variable, experiments after spinal transection 
consistently confirm those of Lloyd. 


REFERENCE 
Lloyd, D. P. C. (1943). J. Neurophysiol. 6, 2903-315. 


The occurrence of occlusion in the direct inhibitory pathway. By 
P. H. Fenrem. Department of Physiology, University of Manchester 
Recordings have been made from ventral roots of decerebrate and spinal cats. 
The reduction of a monosynaptic test response has been employed as a measure 
of the inhibitory power of individual branches of an inhibitory nerve. In the 
majority of these experiments the testing volley had been evoked in the nerve 
to the hamstrings, and stimulation of the individual branches of the nerve to 
the quadriceps has been used to produce the inhibitory conditioning volley. 


When such branches were stimulated together, the inhibition observed was — 


less than the sum of the inhibitory actions of the constituent branches. Thus 
occlusion of inhibition takes place. This is accentuated after the inhibitory 
nerves have been subjected to post-tetanic potentiation (Lloyd, 1949). As 
it has been shown by Eccles, Fatt & Landgren (1954, 1956) and Eccles, Fatt, 
Landgren & Winsbury (1954) that the inhibitory pathway is disynaptic, the 
question arises whether convergence takes place in the distribution of the 
afferent fibres to the internuncial neurones, in the distribution of the inter- 
nuncial axons to the ventral horn cells or a combination of both. 
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The presynaptic localization of the depression following mono- 
synaptic reflex activity. By J. M. Evanson. Department of 
Physvology, University of Manchester 

When a conditioning stimulus is applied to a monosynaptic reflex pathway 

the response to a subsequent homosynaptic testing volley is depressed for some 

3 sec. (Eccles & Rall, 1951). The depression may be intensified by using ten 

_ conditioning volleys at about 300/min (Beswick & Evanson, 1955a). 

Using the nerves to the medial and lateral heads of gastrocnemius, no 
depression has been observed with heterosynaptic testing after single or 
repeated conditioning volleys. The latter, however, usually produce changes in 
_ facilitatory action (Beswick & Evanson, 1955a). 

With submaximal, or sometimes with maximal afferent volleys, the homo- 
nymous monosynaptic response may be reduced to zero and can be maintained 
there by a suitable frequency of stimulation. During such repetitive stimulation, 
discharge of motoneurones cannot explain the depression and an inhibitory 
action due to the discharge of Renshaw cells (Eccles, Fatt & Koketsu, 1954) 
ean be eliminated. 

In view of recent demonstrations that there are powerful collateral connexions 
to the discharge zone motoneurones of synergic pools (Beswick & Evanson, 
19555; Lloyd & McIntyre, 1955) the absence of depression on heterosynaptic 
testing may be taken as evidence that the reduction of the homonymous 
response is presynaptic in origin and thus the depression is limited to the 
homosynaptic pathway. 

It is suggested that, at rates of afferent stimulation greater than 20/min, 
there is a reduction in the transmitter potentiality of excitatory presynaptic 


endings. 
REFERENCES 
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Renal adjustments to change in posture. By 8. Tuomas. Physiology 
Department, University of Manchester 


Change of posture is known to alter the renal excretion of water and electro- 
lytes, particularly sodium. The effect on potassium excretion is not clear 
(Viar, Oliver, Eisenberg, Lombardo, Willis & Harrison, 1951). The relative 
importance of glomerular and tubular activity is difficult to evaluate over the 
short periods used by many workers (Pearce & Newman, 1954), when renal 
haemodynamics may alter as part of the general circulatory adjustments. 
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Clearer discrimination between these factors becomes possible when the 
observations are prolonged. In the present experiments, water and electro- 
lyte excretions in three subjects were studied for periods up to 8 hr following 
change of posture, and compared with controls where the initial posture was 
maintained. During periods of standing slight movement was allowed to 
avoid fainting. 

The change from recumbency to standing was consistently followed by a 
decline in urine flow and sodium and chloride outputs. The increase in flow and 
sodium and chloride outputs following change from standing to recumbency 
was usually smaller and slower in onset. In experiments where subjects lay 
down at the time of the mid-morning peak of the diurnal rhythm in sodium 
excretion, the subsequent diurnal decline in output was diminished. In three 
such experiments an increase in Na output occurred in the early afternoon, 
when controls showed a continuous decrease. In most experiments, excretory 
rhythms still persisted, but the Na output remained higher in recumbency 
than standing for as long as observations were continued. 

Alterations in potassium output were less consistent. In some experiments, 
early transient increases occurred on changing to recumbency, but small 
decreases in output sometimes occurred after some hours. Small, delayed 
increases in K output were occasionally observed after change to the standing 
position. 

Apart from alteration in absolute outputs of Na and K, the fraction of the 
determined anion output (chloride, bicarbonate and phosphate) covered by 
sodium (Na/A) consistently increased in recumbency as compared with stand- 
ing, while the ratio K/A excretion diminished even where there was no obvious 
alteration in absolute K output. The ratio Na/K excretion therefore increased 
in recumbency and diminished on standing, the change becoming more obvious 
during prolonged maintenance of a posture. 

There were no prolonged consistent changes in creatinine outputs in these 
experiments. In two sets of paired experiments on one subject, inulin was 
infused, and only transient alterations in inulin clearance followed posture 
change; change of posture had no effect on plasma Na or K concentrations, 
and in some clearance periods, Na excretion and filtered load moved in opposite 
directions. 

These results are interpreted as indicating that the renal adjustments to 
postural change include altered renal tubular activity, particularly during the 
prolonged maintenance of the new posture. 
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The extrarenal buffering of acute respiratory alkalosis in man. 
By N. G. Boucot, G. A. Lums, R. F. Manter and 8. W. Stansury. 
Department of Medicine, University of Manchester 


During vigorous hyperventilation, the rate of excretion of carbon dioxide 
through the lungs greatly exceeds the concurrent rate of elimination of bi- 
carbonate-bound cation in the urine. The decrement in the concentration of 
buffer anions (bicarbonate + phosphate) in the plasma may exceed 10 m-equiv/I., 
and only a fraction of this change can be ascribed to chloride shift and to 
changed valency of the plasma proteins. Stanbury & Thomson (1952) suggested 
that organic acids diffuse from cells and contribute to the defence of plasma 
pH by displacing CO, from BHCO,. Giebisch, Berger & Pitts (1955) found a 
marked rise in plasma lactate during hyperventilation in nephrectomized dogs. 

A further study has been made of the changes in plasma composition during 
hyperventilation of up to 50 min in duration. The initial fall in plasma carbon 
dioxide was not accompanied by rise in plasma lactate. Later, when the fall 
in arterial plasma carbon dioxide had exceeded 5 m-mole/|., the further fall 
was accompanied by a nearly equivalent rise in plasma lactate. There was also 
an increase in plasma pyruvate and a decrease in plasma phosphate. The 
plasma level of potassium increased slightly during the first few minutes of 
hyperventilation and then fell to lower levels. 

Hyperventilation is associated with a glycolytic response that will account 
for the observed changes in plasma lactate, pyruvate and phosphate. The 
production of lactic acid may be regarded as a cellular contribution to the 
compensation of the acutely induced alkalosis. Part of this newly formed 
non-volatile buffer anion appears in the extracellular fluids. 


Giebisch, G., Berger, L. & Pitts, R. F. (1955). J. clin. Invest. 34, 231. 
Stanbury, 8. W. & Thomson, A. E. (1952). Clin. Sci. 11, 357. 


Some responses of joint blood vessels. By A. F. Copsoxtp and 
O. J. Lewis. Sherrington School of Physiology and Department of Anatomy, 
St Thomas’s Hospital, London, S.E. 1 

_ Blood flow has been measured in the knee joint of the dog anaesthetized with 

sodium pentobarbital using either the electromagnetic flowmeter (Cobbold & 

Styles, 1955) or the bubble flowmeter (Bruner, 1948). 

In the dog an artery, accompanied by its vena comitans, arises from the 
femoral artery and after supplying several muscular branches enters the media! 
aspect of the knee joint. The preparation involved tying off the femoral 
artery distal to the origin of this branch, and all other branches except that 
to the knee joint. The femoral artery was then cannulated and the flowmeter 
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inserted so that all the blood passing through was entering the joint. A similar 
technique was adopted for the venous outflow measurements. 

The joint blood vessels show sympathetic vasoconstrictor tone since the 
blood flow increases when the 4th to 6th lumbar sympathetic ganglia are 
removed. These ganglia supply sympathetic fibres to the joint via an articular 
branch of the femoral nerve, and a similar increase in flow occurs when this 
branch is cut. Stimulation of the peripheral cut end gives vasoconstriction 
in the joint. Both adrenaline and noradrenaline cause constriction of the 
joint blood vessels in doses of from 0-05 to 0-2ug by close arterial injection, 
and this effect may be powerful enough to cause complete cessation of flow 
for some minutes. 

The blood flow is increased by direct heating and is diminished by cooling 
the joint. 
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The absorption of Clostridium botulinum toxin from the alimentary 
canal. By A. J. May and B. C. Wuater. Microbiological Research 
Department, Ministry of Supply, Porton, Wilts 

The absorption of colostrum proteins (without first being broken down) is 

known to occur from the intestine of some young animals, and in calves the 

protein appears to be taken up first into the lymphatics, reaching the blood 
stream only by this route (Comline, Roberts & Titchen, 1951). Using the 
toxic protein of Cl. botulinum type A, this primary lymphatic absorption of 
undigested protein has been shown to take place in adult rabbits and rats. 
After cannulating the cervical thoracic duct in rabbits, toxin (1-10 million 
mouse LD50’s) was introduced into the small intestine. Large doses were 
used because the toxin is readily destroyed by proteolytic digestion 

(Coleman, 1954; Halliwell, 1954). Lymph collected under these conditions 

was usually toxic, containing 2-80 mouse LD50’s/ml., and frequently toxin 

equivalent to four or five rabbit lethal doses was present in a 5 hr lymph 
sample. In about half of the experimental animals, terminal plasma was 
toxic, but never reached the titre given by the lymph, although the total 
plasma toxin was equal to, or slightly greater than, that collected in the 
lymph. The fact that the lymph titre exceeded that of the blood, often by 
many times, seemed evidence for a primary lymphatic absorption, since 
toxin in the blood could have entered by the right lymph duct or other veno- 
lymphatic anastomoses. 

Further evidence was obtained from rats. The intestinal lymphatic was 

cannulated and the animals kept in restraining cages. They were given a 
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saline-toxin mixture to drink and consumed overnight between 10 and 100 
oral rat lethal doses of toxin. Lymph was collected continuously and invariably 
contained toxin, equivalent in some experiments to 20 times the amount 
necessary to kill the animal by intraperitoneal injection. In only six of twelve 
experiments did the animals die of botulism, deaths occurring from 3 to 8 days. 
Control animals without lymphatic cannulation, but restrained in the same 
way and given a toxin-saline mixture, died of botulism in 24-48 hr after 
consuming only one-fifth as much toxin as experimental animals. Thus by 
continual lymph drainage the rats were protected from the toxin, evidence, 
we believe, that the absorption of this protein takes place primarily into the 
lymph stream, reaching the blood by this route. 
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The effect on the blood flow through the muscle and the skin 
of the forearm of infiltration of the motor nerves with local 
anaesthetic solution. By |. C. Roppi, J. T. Suepnerp and R. F. 
Waetan. Department of Physiology, The Queen’s University of Belfast 

Blood samples were taken simultaneously from a superficial vein (draining 

mainly skin) and a deep vein (draining mainly muscle) of one forearm, the 

hand circulation being occluded by a pneumatic cuff. The oxygen saturation of 
samples was determined spectrophotometrically (Roddie, Shepherd & Whelan, 

19564). The ulnar and median nerves at the elbow and the radial nerve in the 

musculo-spiral groove were infiltrated with 2 % lignocaine which produced com- 

plete paralysis of forearm and hand muscles but no anaesthesia of forearm skin. 

In a typical experiment exercise of the forearm muscles increased the 
oxygen saturation of blood from the deep vein from 25 to 55% ; the saturation 
of the superficial vein blood remained unchanged at 40%. This demonstrated 
that there was no important mixing of the blood from the tissues drained by 
these two veins. Following nerve block the oxygen saturation of the deep 
venous blood rose from 25 to 65°%, and that of the superficial venous blood 
from 40 to 65%, indicating a dilatation of the muscle and the skin vessels. 
It is concluded that both the muscle and skin of the forearm are supplied with 
vasoconstrictor nerve fibres. 

Evidence that skin vessels are supplied also with vasodilator fibres (Grant & 
Holling, 1938; Edholm, Fox & Macpherson, 1956) is provided by the following 
experiments: 

(1) After infiltrating the nerves to the forearm the oxygen saturation of 
blood returning from the skin rose from 50 to 85%. Indirect heating was then 
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applied, but caused no further increase in the saturation, whereas the 
saturation of the skin blood of the opposite forearm rose from 47 to 99%, 
which is in accord with previous observations that with indirect heating the 
venous blood from forearm skin becomes almost fully saturated with oxygen 
(Roddie, Shepherd & Whelan, 19565). 

(2) The nerves to the forearm were blocked after 50 min of indirect heating 
of the subject. The oxygen saturation of the skin blood fell from 99 to 75%, 
and that of the blood from the muscle simultaneously rose from 40 to 57%. 

(3) The blood flow was measured simultaneously through both forearms 
by venous occlusion plethysmography. Nerve block of one side caused an 
increase of forearm flow from a resting level of 2-5 to a level of 8-5 ml./100 ml./ 
min. Subsequent indirect heating had little effect on the flow through the 
blocked forearm, but increased that through the control forearm from 3-0 to 
14-5 ml./100 mi./min. 

These results show that infiltration of the motor nerves to the forearm with 
local anaesthetic solution releases constrictor tone to the vessels of both the 
skin and the muscle, and blocks the vasodilator fibres to the skin vessels which 
are activated by indirect heating. 
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The similarity of the vasomotor and sudomotor effects in the 
skin of the forearm of infiltrating the cutaneous or the motor 
nerves with local anaesthetic solution. By I. C. Roppig, J. T. 
SHEPHERD and R. F. Wueian. Department of Physiology, The Queen’s 
Unwwersity of Belfast 

Infiltration of the motor nerves to the forearm with local anaesthetic solution 

produces a complete block of vasoconstrictor and vasodilator fibres to the 

forearm skin (Roddie, Shepherd & Whelan, 1956) and abolishes sudomotor 
activity. 

When the cutaneous nerves of the forearm were localized with faradic 
stimulation and infiltrated with 2% lignocaine just distal to the elbow joint, 
the same vasomotor and sudomotor effects were obtained. Before infiltration 
the oxygen saturation of the blood from a superficial vein (draining mainly 
skin) was 45% and that from a comparable vein of the opposite forearm was 
51%. After infiltration the saturation on the blocked side rose to 75%, while 
the control remained at 51%. Indirect heating was then applied and there 
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was no change in the saturation on the blocked side while that of the opposite 
side increased to 95%. These results confirm the findings of Edholm, Fox & 
Macpherson (1956) that the vasodilator fibres to forearm skin are blocked by 
this method of infiltration, and demonstrate, in addition, that vasoconstrictor 
fibres are also blocked by this technique. 

It seems likely therefore that the same vasomotor and sudomotor fibres to 
forearm skin were blocked, whether the anaesthetic solution was infiltrated 
around the motor nerves or introduced into the subcutaneous tissues just 
below the elbow, although the somatic motor and sensory effects were quite 
different. The ‘deep’ block produced complete muscular paralysis but no 
anaesthesia of forearm skin, while the ‘superficial’ block gave anaesthesia 
but no paralysis. It is therefore difficult to interpret the pathway of sym- 
pathetic fibres by the use of the nerve block technique. 
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Motor and secretory inhibition of duodenal origin in transplanted 
gastric pouches. By R. A. Grecory. Physiological Laboratory, 
Unwersity of Liverpool 

There exists strong evidence that the inhibition of motility observed in trans- 

planted gastric pouches after introducing fat or hypertonic sugar solutions 

into the duodenum (Quigley, Zettleman & Ivy, 1934; Quigley & Phelps, 1934) 

is of humoral origin and that the humoral agent is a hormone (Enterogastrone). 

However, although it is widely held (Grossman, 1950) that Enterogastrone 

also inhibits gastric secretion, no valid evidence exists to support this view. 

The experiments to be described were designed to show whether or not fat and 

other substances in the duodenum inhibit gastric secretion by a humoral 

mechanism. Transplanted gastric pouches fitted with water-tight silver can- 
nulae were prepared in four dogs. Duodenal cannulae were also installed. 

A steady secretion of gastric juice at a low rate (approx. 1/4 maximal) was 

obtained by continuous subcutaneous injection of histamine or, in a few 

experiments, carbachol. The pouches were irrigated with warm saline at 
intervals and the washings titrated. Motility was recorded by filling the pouch 
with warm saline and connecting the cannula to a volume recorder writing on 

a smoked drum. Emulsified olive oil, hypertonic glucose, sucrose, or saline 

solutions, N/10 HCland Na oleate solutions were slowly run into the duodenum. 

Inhibition of motility occurred in all experiments after an interval of a few 

minutes, and was often profound. Detectable inhibition of secretion occurred 

in many experiments but was seldom marked and never complete, despite the 
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very slow ‘background’ rate of secretion used. Fat was the most effective 
agent tested. In some experiments (fat, sugar), depression of secretion was 
followed by stimulation. 

A possible cause of motor and secretory inhibition in gastric transplants is 
reflex vasoconstriction in the region of the pouch, due to duodenal irritation 
or distension. A thermocouple inserted into the abdominal wall near the pouch 
showed no fall in temperature following duodenal introduction of the substances 
mentioned, although a definite fall was registered on intravenous injection of 
10ug adrenaline. It is concluded that inhibition of gastric secretion observed in 
these experiments was due to a humoral agent of duodenal origin. That this 
humoral agent is a hormone (Enterogastrone) is not yet proven. 
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Atrial receptors in the dog. By J. C. G. Coteriper, A. Hemineway, 
R. L. Hotmes and R. J. Linpen. Departments of Physiology and 
Anatomy, School of Medicine, University of Leeds | 

The position and pattern of discharge of atrial receptors in the cat have been 

described (Whitteridge, 1948; Paintal, 1953). But there is much less informa- 


Fig. 1. A right ‘atrial’ fibre. From above downwards in both records: the e,c.g.; impulses in a fibre ; 
signal marker; right atrial pressure; intratracheal pressure; time in ;4; sec. A, normal record; 
B, two punctate stimulations of a point in the SVC close to its junction with the right atrium. 
In B the atrial pressure record is distorted because the heart was displaced to give access to 
the SVC, and the respiratory record has beeen omitted, 


tion about similar receptors in the dog (Dawes & Widdicombe, 1953) although 
technically, because of the size, it should be easier to locate them and to 
perform experiments to make clear their physiological significance. Experi- 
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ments have been performed on anaesthetized open-chested dogs (Dial; Nem- 
butal) with optical registration of atrial pressure and respiration. Single fibre 
preparations showing atrial discharges were isolated from the cervical vagus. 
Right and left atrial receptors were distinguished by occlusion of the pul- 
monary artery and localized approximately by finger pressure. Accurate 
localization was then effected, first, by exploration of the atrium and venous 
orifices with a glass rod inserted through the atrial appendage and, finally, by 
opening wide the atrium and finding the point from which a high frequency 
discharge could be most readily elicited by pressure with the tip of a glass rod. 

Seventeen fibres showing an atrial rhythm were localized to atrio-venous 
junctional regions by local stimulation of the intact heart and in seven cases 
these were subsequently localized precisely after opening the heart. With one 
exception, no receptor was found in the wall of either atrium; they were 
situated in the superior vena cava or in a pulmonary vein close to the junction 
with the atrium. A portion of tissue including the point which had been 
_ stimulated was removed and examined histologically after silver impregnation. 
A variety of nerve endings was seen deep to the endothelium, ending meey or 
in relation to smooth muscle fibres. 


Part of the cost of this work was defrayed by a grant from the Medical Research Council. 
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The influence of small amounts of detergents on the estimation 
of peptic activity in gastric juice by the Hunt method. By 
B. Scuortetp. Department of Physiology, The Medical School, King’s 
College, Newcastle upon Tyne 
At a recent meeting of the Society it was suggested that the presence of traces 
of detergents left after washing glassware might seriously interfere with the 
estimation of peptic activity by the Hunt method (Hunt, 1948). This state- 
ment has been investigated for a number of popular laboratory and domestic 
detergents. It was thought that the concentration left after efficient rinsing 
following the detergent wash would be considerably less than 1/10,000. This 
concentration of the various agents has therefore been used. In the first series 
of experiments the detergent was added to the protein substrate so as to give 
this concentration in the final filtrate (i.e. three times this concentration during 
the actual digestion). Under these conditions Stergene, Teepol and Lissapol 
had no effect while Tide, Dreft and Nansa A (dodecyl benzene ammonium 
sulphonate) produced reductions in the determined peptic activity of 2°5 to 
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4-5 units/ml. on a control level of approx. 50 units/ml. Ordinary green soap 
fell between these two groups. This series would appear to eliminate any 
serious effect of the first group on either the digestion or the colour-producing 
reaction. To eliminate the possibility that detergent contamination of the 
tubes in which gastric juice samples were collected might influence the enzyme 
during storage a second series was carried out in which these detergents were 
added at a level of 1/10,000 to samples which were then stored for 4 days at 
3-4° C. No significant effect on the determined peptic activity was detected. 
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The peripheral terminations of autonomic nerves. By G. A. G. 
MITCHELL 


Sex differences in cell morphology. By A. D. Dixon and J. B. D. Torr 


Acid-base and electrolyte balance during carbonic anhydrase 
inhibition. By R. E. Bernstemn 
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Measurement of changes of tension in the walls of perfused 
segments of blood vessels. By D. A. Davey.* Department of 
Physiology, St Mary’s Hospital Medical School, London, W. 2 


A segment of blood vessel is cannulated, and placed within a fluid-filled 
chamber to which is attached a pressure recorder of very small displacement. 
An increase in tension in the wall of the vessel under these circumstances 
produces no change in pressure within the vessel, but does cause a reduction 
in pressure in the external chamber (Emmel & Smith, 1951). If the perfusion 
pressure is maintained constant, the change of pressure is directly proportional 
to the change in tension in the vessel wall as given by the equation P=T7'/R, 
where P is the pressure difference across the wall, T is the tension per unit 
length, and R is the effective radius of the vessel. Since no significant volume 
change can occur, any change in pressure represents an essentially isometric 
contraction of the smooth muscle of the vascular wall. The pressure change is 
independent of the length of the vascular segment and has the further advan- 
tage that vessels of small radius can develop large pressure differences. The 

technique can be applied to any vessel which is large enough to be cannulated. 
- A diagram of the perfusion chamber used and its connexions is shown in 
Fig. 1. The main body of the apparatus is made of hollow Perspex cylinders 
with rubber washers and rubber ‘O-ring’ seals. The brass top is connected 
through a side-arm to a three-way glass tap connected to a capacitance mano- 
meter and to a mercury manometer for calibration. The 0-100 mm Hg capaci- 
tance manometer gauge head used had a nominal volume displacement of 
15 x 10-* ¢.c./50 mm Hg pressure and the whole apparatus a volume dis- 
placement of 15 x 10-*c.c./50 mm Hg, the latter being principally due to 
distortion of the ‘O-ring’ seals. 

In the majority of experiments the femoral artery of the rabbit has been 
used. The vessel is dissected out, all branches being tied or sealed with short- 
wave diathermy, and a glass cannula is securely tied into each end. One of the 
cannulae is sufficiently long to be inserted right through the apparatus, and is 


* Medical Research Council Clinical Research Fellow. 
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drawn out of the far end so as to bring the vessel into the centre of the perfusion 
chamber. When the vessel has been adjusted to its in vivo length the Perspex 
screw collars are tightened up on the ‘O-rings’ which clamp the cannulae and 
seal the chamber. The apparatus is then filled with liquid paraffin and the brass 
top is sealed with a slotted bolt after expelling all the air. It is essential that 
no leakages should occur and that the apparatus should be rigid and contain 
no air bubbles. 


To mercury 
manometer 


To 
capacitance 


Part of apparatus 
immersed in water-bath 


Fig. 1. Vertical section of perfusion chamber showing cannulae in sifu, O-ring seals, 
and connexions to capacitance and mercury manometers. 

The vessel is perfused at a constant pressure of 80 mm Hg at 37° C with 
Krebs’s saline serum substitute (Krebs, 1950) saturated with 95 % O, and 5% 
CO,. The main body of the perfusion chamber is placed in a water-bath thermo- 
statically maintained at 37° C. The external chamber is kept at atmospheric 
pressure via the mercury manometer for the first 30 min of perfusion to allow 
the vessel to reach its relaxed resting state. The chamber is then connected 
directly to the capacitance manometer and the pressure changes recorded on a 
direct-writing pen oscillograph. The diameter of the vessel is measured by a 
travelling microscope and allowance made for the magnification produced by 
the curvature of the perfusion chamber. 

The vessel is stimulated by either injecting test substances into the perfu- 
sion line or electrically by silver-wire electrodes twisted on to the external 
surface of the vessel around the cannulae, and led out through the ‘O-ring’ 
seals. 
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The influence of venous pressure on the oxygen content of deep 


forearm venous blood. By R. F. Morrram 


The collection of foetal urine in the sheep. By D. Pautine ALEXANDER, 
A. St G. Huaeert, D. A. Nrxon and W. F. Wrppas 


The determination of blood glucose with benzidine. By A. Sr G. 
Hueaetr. Department of Physiology, St Mary’s Hospital Medical School, 
London, W. 2 

The principle is that benzidine forms a colour with glucose (McCance, 1926). 

This method was made quantitative by Jones & Pridham (1953, 1954). The 

demonstration shows an adaptation for blood glucose. It has the advantage 

that ketoses give practically very little colour, and so it can be utilized for direct 
glucose determination in the presence of fructose, the latter being determined 
with resorcinol. 

Deproteinization can be effected with most reagents except those containing 
sulphuric acid, since benzidine is precipitated by this acid. 10°% trichloracetic 
is undesirable if radioactive determinations are being effected since drying is 
always incomplete. i 

1 ml. of blood is precipitated with 9 ml. of ice-cold protein precipitant. 

Keep the filtrate in ice-water mixture. 

To 1 ml. of filtrate add 1 ml. ice-cold 3% benzidine in glacial acetic acid. 

Boil 10 min in a Gardell bath with maximal heating. 

Cool in ice-water bath. 

Read in a Spectrophotometer at 400 my. 

Simultaneously set up two water blanks and standards of 5, 10 and 25 mg % 
glucose and of fructose (if being estimated simultaneously by resorcinol). 

If fructose is being determined simultaneously by a resorcinol method (e.g. 
Bacon & Bell, 1948) the standards of 5, 10 and 25 mg % should include 
glucose as well as fructose. It can be heated in a Gardell bath at 100° C for 
10 min if desired with only about 11°% loss of colour compared with 79° C, 
and (since the blanks, standards and unknowns are heated simultaneously) 
without loss of accuracy but with the great convenience that all tubes, glucose- 
benzidine and fructose-resorcinol can be heated simultaneously at 100° C in 
the same water-bath. 

There are linear relations between optical density and time of heating, and 
sugar concentration, and benzidine concentration. 

The colour is read on a spectrophotometer at 400 my. The optical densities 
for the standards are graphed and the unknown readings made. The resorcinol 
value for fructose is determined if fructose is present. The benzidine value for 
glucose is corrected for the fructose present by subtracting its benzidine value. 
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A similar correction can, if necessary and desired, be applied to the resorcinol 
value of the fructose. 

The Gardell bath (Gardell, 1951) has three layers, the lowest boiling water, 
the middle cold water as a condenser and the uppermost air. With marbles in 
the test tubes there is no loss of volume as steam or water vapour and boiling 
can be maximal throughout the bath. 
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The microbiological detection and determination of meso-inositol. 
By D. A. Nixon. Department of Physiology, St Mary’s Hospital Medical 
School, London, W. 2 


The identification and estimation of inositol chemically is rendered difficult 
by virtue of its unreactive nature. The microbiological assay method has been 
found suitable for the determination of inositol and has the advantage over the 
present chemical methods in its simplicity and application to extensive 
determinations. 

The test organism used is the yeast Kloeckera brevis which has been shown 
by Burkholder, McVeigh & Moyer (1944) to require for optimal growth six 
members of the vitamin B complex: aneurin, nicotinic acid, pantothenic acid, 
pyridoxin, biotin and inositol. The principal form in which inositol is encoun- 
tered biologically is as the meso-isomer and it is widely distributed in nature. 
Woolley (1941) showed that the other isomers of inositol were ineffective 
substitutes for meso-inositol in yeast. In the absence of inositol, K. brevis 
shows no growth as measured by its turbidity when grown in the medium and 
under the conditions previously described by Campling & Nixon (1954) and 
based upon the method of Emery, McLeod & Robinson (1946). 

In composition the double-strength medium contains an adequate concen- 
tration of nutrients required for growth with the exception of inositol which is 
absent. Into a series of screw-capped 30 ml. bottles are dispensed 2-5 ml. of the 
double-strength medium; varying volumes of the solution under assay are 
added and the volumes adjusted by the addition of distilled water so that the 
final volume in each case is 5 ml, After autoclaving, the bottles are inoculated 
with a suspension of K. brevis. The turbidities produced after incubation are 
compared (using a Spekker absorptiometer with neutral H508 filters) with 
those produced by adding known volumes of a standard solution of meso- 
inositol to the double-strength medium and treated concurrently with those 
containing test solutions. 
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In biological fluids free inositol may be estimated after deproteinization with 
NaOH and ZnSO, : the total inositol, after refluxing 6 hr with an equal volume 
of 50% v/v HCL. 

The free inositol contained in tissues may be extracted by autoclaving a 
known weight of tissue at 15 lb for 20 min (Woolley, 1942) with approximately 
10 times its volume of distilled water, filtering and making up to an adequate 
dilution: total tissue inositol, by refluxing with approximately 10 times its 
volume of 50% v/v HCl. 

It was found that the method of Trevelyan, Proctor & Harrison (1950) for 
the detection of carbohydrates on paper chromatograms was applicable to 
inositol (Nixon, 1955). The deproteinized desalted specimen is developed in 
butanol-acetic acid solvent and the dried paper impregnated with AgNO,- 
acetone and sprayed with ethanolic NaOH. 

Inositol in concentrations too small to be detected by spraying may be 
identified on chromatograms by its ability to support the growth of K. brevis 
(Nixon, 1955). After development in butanol-acetic acid solvent the strip of 
paper bearing the spot is cut off and divided into 1 cm lengths. A length of the 
paper is then placed in each of a series of bottles containing 2-5 ml. of double- 
strength medium plus 2-5 ml. of distilled water. After autoclaving, the bottles 
are inoculated with the yeast and incubated. The presence and position of the 
inositol spot in the chromatogram is revealed by growth of the yeast in a posi- 
tion corresponding to that occupied by the inositol control spot on the 
remainder of the chromatogram treated as above. 
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Human foetal movements. (Film.) By Davenport Hooker 


A class experiment for determining the tension-length relation- 
ships of frog muscle. By W. F. Wrppas 


Serial measurements ofcardiacoutput, blood volumeand pulmonary 
circulation time in the cat. By A. C. Groom and 8. Row.anps. 
Department of Physics, St Mary’s Hospital Medical School, London, W. 2 

Red cells labelled with a radioactive isotope are injected rapidly into a brachial 

vein of an anaesthetized cat and the dilution curve recorded by a scintillation 


counter placed over a plastic tube in series with the common carotid artery. 
a3 


4 
i 
2 
iy 


6P PROOEFEDINGS OF THE PHYSIOLOGICAL 


The output of the counter is fed into a ratemeter which is coupled to one 
channel of a quick-response recorder (Evershed RD15A). On an adjacent 
channel the beginning and duration of the injection are automatically recorded 
and a time scale is marked alongside the traces. At the same time arterial 
and central venous pressures are measured with condenser manometers. 
Before injection, the activity of the labelled blood (in C/ml.) is determined 
by a liquid counter. The plastic tube is then filled with blood of known activity 
and the apparatus calibrated. In the subsequent experiment the absolute 
activity of the blood can then be determined, without withdrawal of blood 
samples, by recording the counting rate when the injected cells are completely 
mixed in the circulation. The blood volume is determined from the dilution of 
the injected cells and the cardiac output from the dilution curve as in the 
Hamilton dye method. The pulmonary circulation time is read from the chart 
and the systemic circulation time calculated from the cardiac output and blood 
volume. If, as sometimes happens, a second peak is obvious on the trace, 
then the systemic circulation time may be read directly. The cardiac output 
may be obtained within 5 min of injecting the labelled blood and the circulat- 
ing blood volume immediately after finishing the counting of the equilibrium 
level of activity of the blood. The output of the ratemeter due to the circu- 
lating radioactive isotope is then backed off electrically and the observations 
repeated. Up to ten successive experiments on the same animal have been 
performed with **P, and it is possible to continue by using a second isotope if 
the latter emits radiation differing appreciably in quality from that of the first 
isotope. Stringent precautions are necessary to ensure accuracy. For injec- 
tions an adaptation of the Robinson syringe delivers 0-2 + 0-0015 ml. of blood 
in about 0-05 sec. Since successive determinations of blood volume depend on 
differences in counting rates, the latter have to be determined with considerable 
accuracy but the minimum interval between determinations need not exceed 
15 min. 


Studies on biliary excretion of the dog using an isolated perfused 
liver. By W. H. Horner Anprews and T. G. Ricuarps. Departments 
of Pharmacology, St Mary’s Hospital Medical School, Paddington, and of 
Physiology, Liverpool University 

A method of perfusion of the canine liver in order to study vascular responses 

has already been described (Andrews, 1953). 

It has been found that this method is not the most suitable for studies on bile 
secretion, and the following method has been derived in order to study the 


removal of substances such as sulphobromphthalein from the blood and their 
excretion into bile. 
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The apparatus used is similar to that described by Andrews (1953); oxygena- 
tion is by means of a Hooker oxygenator. Anaesthesia is induced by thio- 
pentone and continued with ether. After cannulating the trachea, artificial 
respiration is started. The thorax and abdomen are opened by a mid-line 
incision, and hepatic artery, bile duct and portal vein are cleaned. The thoracic 
inferior vena cava is then cannulated, the cannula pointing towards the liver. 
As blood drains into the apparatus the hepatic artery is cannulated, and blood 
pumped in at a pressure of 120 mm Hg, until the portal vein is cannulated 
when the pressure is reduced to 100 mm. The pulse pressure, as recorded on a 
mercury manometer, is kept small. The bile duct is next cannulated and, lastly, 
after clamping the superior mesenteric artery, the portal vein is cannulated, 
the portal venous flow started, and the neck of the gall bladder is tied. The 
inferior vena cava is ligated below the liver, and the liver (with the diaphragm 
attached) is removed from the body and placed in a special Perspex container, 
the circulation being continued throughout. The Perspex container was 
moulded round a cast of the posterior thoraco-abdominal wall, and any blood 
escaping from cut surfaces drains back into the main blood reservoir. 

It has proved possible to perfuse livers for several hours by this method 
without the portal pressure rising more than 3 cm water. Excretion of sulpho- 
bromphthalein may continue for at least 44 hr after the start of perfusion, 
with a recovery rate of over 65 °%. This is within limits reported for the normal 
dog (Canterow, Wirts, Snape & Miller, 1948). 


The sulphobromphthalein used in these experiments was kindly given by Messrs Savory 
and Moore. 


REFERENCES 


Andrews, W. H. Horner (1953). Ann. Trop. Med. Parasit. 47, 146. 
Canterow, A., Wirts, C. W., Snape, W. J. & Miller, L. L. (1948). Amer. J. Physiol. 154, 506. 


A versatile equipment for the study of subjects working in a 
closed-loop control system. By G. G. Surron. Radar Research 
Establishment, Malvern, Worcs 


The equipment has been designed to assist in the study of the human operator 
working in a closed-loop control system. An attempt has been made to make 
the equipment versatile while retaining the capability of simulating actual 
problems without loss of essential detail. Use of the equipment has shown its 
additional function as an analyser of results, in particular, as a spectrum 


analyser. 


The essential features of the equipment are shown in Fig. 1. 

The task, recorded on 35 mm film, is obtained as a voltage varying with 
time by means of a photoelectric curve-following device. The subject faces a 
two-gun cathode-ray tube and operates a small joystick. Movements of the 
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joystick produce a voltage which may either be ‘related linearly to displace- 
ment or according to some more complex function (derived by an appropriate 
circuit). In tracking experiments the task voltage moves a target spot on the 
tube face which the subject attempts to follow with a second spot controlled 
by a joystick voltage; alternatively the subject tries to maintain central a 
single spot which represents the error between the task and joystick voltages. 

The operator’s performance is assessed by measuring the error as the voltage 
difference between his spot and that of the target. This error voltage is squared 
electrically, integrated and finally displayed continuously on a counter. The 
mean error is displayed in a similar manner. From these indications both 
mean square error about the mean and about zero may be obtained. 


Transfer Output 
Human operator function member 


Fig. 1 


To plot a frequency spectrum the error is recorded on film and later it is 
passed through the curve-follower at various speeds. The output is put through 
a narrow band filter and the appropriate section of the machine is used to 
derive the mean square voltage passing the filter at each speed. This gives the 
‘power’ spectrum of the error which is a useful measure of operator perfor- 
mance. The main use of the equipment so far has been to take error spectra 
of subjects attempting to maintain a fixed force on the joystick, i.e. to hold the 
spot on the display offset to a fixed mark. 

A typical feature of the spectrum thus obtained is a peak in the 8-10 c/s 
region, this being almost certainly due to tremor. If a subject is asked to shut 
his eyes and continue the same task with proprioceptive information only, this 
peak is nearly always reduced, in some subjects to one-half or even one-third 
of the ‘eyes open’ amplitude. 

The machine will be demonstrated under conditions for the above measure- 
ments and it is hoped to show the reduction of tremor with the eyes shut. 


Acknowledgement is made to the Controller of H.M. Stationery Office for permission to publish 
this paper. 
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Sensitive accelerometers for work on muscular control. By 
P. H. Hammonp. Radar Research Establishment, Ministry of Supply, 
Malvern, Worcs 


The accelerometers to be demonstrated use the RCA5734 mechano-electronic 
transducer. Thisis a thermionic valve the anode of which is extended outside the 
metal envelope through a resilient diaphragm. The grid and cathode are con- 
nected together and to a resistive load of 100 kQ; movement of the anode 
extension causes variation of current and a consequent voltage change on the 
load resistor. 

A mass is attached to the anode extension; acceleration in the appropriate 
plane then causes deflexion of the anode extension and results in a proportional 
change in the voltage on the load resistor. Two types of accelerometer have 
been made using this principle. One has a sensitivity of 2-5 V per ‘g’. Its 
vibrating system comprising mass and diaphragm has an undamped natural 
frequency of 100 c/s; it is approximately critically damped by immersion in 
silicone fluid of 30,000 centistokes viscosity. Under these conditions its useful 
frequency range is from 0 to 50 c/s. The unit is in a cylindrical metal capsule 
1-9 cm in diameter and 4-5 cm long and weighs 40g. Provision is made to 
prevent excessive deflexion of the anode extension due to shock loads in 
excess of the nominal safe limit of 6 g. 

Damping by viscous fluids has the serious disadvantage that fluid around the 
mass is itself in motion and adds parasitic mass to the vibrating system. This 
can be overcome by the use of electromagnetic damping and a high frequency 
accelerometer has been made incorporating this principle. Damping can be 
made critical if required and the frequency response is then sensibly flat up to 
400 c/s. The undamped natural frequency is 800 c/s and the sensitivity 0-5 V 
per ‘g’. A box 4 by 3 by 2 cm houses the unit which weighs 40 g. 

The construction of the RCA5734 valve is such that the voltage change is 
maximal when deflexion of the anode extension is in a given plane. Sensitivity 
to accelerations at right angles to this plane is about 5% of the working 
sensitivity. 

Acknowledgement is made to the Controller of H.M. Stationery Office for permission to publish 


Effect of temperature on the rate of transfer of water by an in 
vitro intestinal preparation. By D. H. Smyrs and C. B. Taytor. 
Department of Physiology, University of Sheffield 

There is some evidence that the transfer of water by the in vitro intestinal 

preparation is an active process. Fisher (1954) showed that it depends on the 

presence of glucose, and Smyth & Taylor (1955) showed that it is prevented by 
metabolic inhibitors. The in vitro preparation lends itself well to a study of 
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temperature effects, and accordingly it has been used for a study of the effect 
of temperature on water transfer. The technique used is that described by 
Smyth & Taylor (1954) except that water at temperatures between 18 and 50° 
was circulated through the outer jacket of the apparatus. In all experiments 
bicarbonate saline containing 500 mg °% of glucose was used, and the hydro- 
static pressure in different parts of the intestine was within the range of 10- 
28 cm of water. At a temperature of 18° or below negligible amounts of water 
are transferred, and thus a certain minimum rate of metabolism appears to be 
essential for water transfer. Between 18 and 40° the increase in water transport 
is roughly linear with rise in temperature. At about 38-42° a maximum is 
reached, and at higher temperatures the rate falls off, the amount of water 
transferred at 50° being negligible. With this preparation it is not possible to 
measure oxygen consumption, but a series of experiments has been done in 
which the effect of temperature has been studied on the rate of oxygen con- 
sumption on everted sacs of rat small intestine suspended in phosphate saline. 
The results showed that the effect of temperature on oxygen consumption is 
roughly parallel with the effects described on water transport. 

While great care is necessary in making deductions about the nature of a 
biological process from the effect of temperature on its rate, it could be safely 
concluded that the above results are consistent with the view that the transfer 
of water is dependent on metabolic processes occurring in the intestine. It is, 
of course, possible that the energy is not utilized directly for water movement, 
and that this is the result of some other process such as movement of sodium 
or glucose. 

Considered together with previous findings that water transfer is dependent 
on the presence of oxygen and glucose, and is prevented by metabolic inhibitors, 
the results support the view that water transport in the in vitro intestinal 
preparation is an active process, in the sense that it is dependent on energy 
liberated by enzymic processes in the intestinal mucosa. 
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On the action of intravenous pitressin on forearm blood flow 
and blood lactate in man. By H. Barcrorr and A. F. Copso.p. 
Sherrington School of Physiology, St Thomas’s Hospital Medical School, 
London, S.E. 1 

Intravenous infusions of adrenaline cause a sustained vasodilatation in the 

forearm and increase in the lactate in the venous blood from the forearm 

muscles. This adrenaline vasodilatation might therefore be due to the action on 
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the muscle vessels of one or more products of glycolysis (Barcroft & Cobbold, 
1956). Intravenous infusions of pitressin also increase forearm blood flow 
(Kitchin, 1954), and in the dog intravenous injections cause marked lactic acid- 
aemia (Geiling & de Lawder, 1932). In view of this we studied the forearm 
blood flow and muscle blood lactate before, during and after intravenous 
infusions of pitressin (4 unit/min for 25 min) in six subjects. Blood samples 
were obtained by retrograde catheterization of a forearm muscle vein (Mot- 
tram, 1955); blood lactate was determined by Hullin & Noble’s (1953) modifi- 
cation of Barker & Summerson’s method (1941). 

The results show that the increase in forearm blood flow during intravenous 
pitressin in man is not accompanied by any rise in muscle blood lactate. On 
the contrary, lactate concentration falls. In the case of pitressin the vasodilata- 
tion is not likely to be due to the products of glycolysis. 
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Foot blood flow changes occurring when the body temperature 
is raised in the chronic spinal man. By K. E. Coopzr, He.en M. 
Ferres and L. Gurrmann. M.R.C. Growp for Research on Body 
Temperature Regulation, St Mary’s Hospital, London, W. 2, and National 
Spinal Injuries Centre, Stoke Mandeville Hospital, Nr. Aylesbury, Bucks. 


A series of twenty-one patients, who have complete transverse lesions of the 
spinal cord at various levels from C, downwards, has been examined. In each 
experiment on these patients the foot blood flow was measured with a water- 
filled venous occlusion plethysmograph (maintained between 31-3 and 32-8° C), 
for a period of 30 min, at the end of which both forearms were immersed in 
water at 40-44° C. The forearm heating was maintained for 30 min, during 
which time blood-flow recording was continued. As a result of this heating, a 
rise in oral temperature of up to 2-05° C occurred. In patients with lesions 
below T,)-T,, this increase in mouth tempe.a.ure was accompanied by a 
vasodilatation in the foot. The level of outflow of preganglionic neurones which 
determined the vasodilatation in the foot appeared to begin at T,,, with some 
variation between patients, and a further contribution was derived from T,, 
and L,. It was not possible to define the lower limit of vasomotor outflow by 
this method. 
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No vasodilatation occurred in the foot when patients with lesions above T,, 
were heated, despite the rise in temperature of the spinal cord and the sympa- 
thetic ganglia, which presumably was comparable with the increase in oral 
temperature. This implies that if any vasomotor impulses were arising in the 
isolated cord segment or the ganglia they were not modified by temperature 
increases of the order observed. A rise in temperature of the blood perfusing 
the foot, sufficient to cause a rise in skin temperature of 0-75° C on the great 
toe, did not evoke vasodilatation ‘in that extremity when the lesion was 
above To. 


Membrane potential and spontaneous activity in calcium -deficient 
striated muscle of the frog. By Eprra Bi.srine, E. 
Hoitman and H. Liittmann. Department of Pharmacology, University of 
Ozford 


The effect of calcium deficiency on striated muscle was studied using intra- 
cellular electrodes, in order to see whether the tendency for rhythmic activity 
was a consequence of a change in membrane potential. 

Reduction of Ca*+ caused a fall in the mean resting potential with a wider 
scatter than in normal medium; the muscle became spontaneously active. 

Reduction of K+ caused a rise in the mean resting potential with no more 
scatter than in normal solution; there was no spontaneous activity. 

Simultaneous reduction of both Ca®+ and K+ raised the mean resting poten- 
tial and greatly increased the scatter without, however, preventing the 
spontaneous activity of the muscle. Spontaneous activity was in full progress 
at a time when the mean resting potential was above normal. In individual 
fibres spontaneous activity was seen at normal resting potentials; thus de- 
polarization appeared not in itself to be the cause for rhythmic activity. How- 
ever, the membrane potential became unstable and gradually declined. Fluc- 
tuations in the form of slow waves appeared which grew in size until they gave 
rise to spike potentials. As a rule, slow depolarization or a ‘prepotential’ 
preceded the spike potential. The size and the rate of discharge of spike poten- 
tials was related to the height of the resting potential. At high membrane 
potentials the rate was slow and the Spike potentials reversed the polarity. At 
low membrane potentials the rate of discharge was faster and the spike 
potentials caused only partial depolarization. 


The passage of sugars across the human placenta. By V. Dangstno, 
W. L. Harrman, A. St G. Huceerr and W. Pav 
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The extrinsic neural control of the oesophagus during swallowing. 
By B. L. Anprew. Department of Physiology, Queen’s College, Dundee, 
University of St Andrews 

Sensory and motor components of the extrinsic nerve supply of the oesophagus 
of the rat are included in the superior laryngeal nerve. The fibres involved are 
myelinated and have diameters in the range 2-6. It is possible to record the 
afferent and efferent discharges which occur as swallowing takes place, since 
these movements are carried out in a seemingly normal manner after section of 
the superior laryngeal nerve on one side. Urethane anaesthesia was used, and 
swallowing and gagging movements were initiated by mechanical stimulation 
of the pharynx or epiglottis. 

Activity in afferent fibres. Continuous activity in small fibres was detectable 
between swallowing movements, and mechanical stimulation of the wall of the 
cervical oesophagus revealed sensory endings. When a swallowing movement 
took place the passage of the contraction wave along _ cervical oesophagus 
coincided with a multifibre afferent volley. 

Activity in efferent fibres. The fibres appeared to belong to two functional 
groups. First a numerically small group which discharges continuously at 
frequencies of about 20/sec. The discharge is modulated with the respiratory 
cycle, the maximum frequency occurring during inspiration; the general level 
of activity followed that of the respiratory centre. Electrical exploration of 
the fully innervated oesophagus revealed muscle units discharging with a 
similar rhythm at the level of the cricoid cartilage. These efferents were 
inhibited for a fraction of a second during a swallowing movement. The period 
of the inhibition coincided with the inhibition of the cricothyroid muscle and 
the excitation of the thyrohyoid (laryngeal elevator) muscle. 

The second group discharged only during the third phase of swallowing. 
Electrical exploration of the wall of the cervical oesophagus did not reveal 
action potentials (except those of group 1) when swallowing was not taking 
place. When the discharge was recorded from a preparation containing the 
greater part of the extrinsic supply, the discharge consisted of a multifibre 
efferent volley lasting 0-3-0-6 sec, but records from individual fibres suggested 
that the volley was composed of shorter volleys dispersed temporally. 


A method for the determination of the renal blood content, and 

its variation with age, in the rabbit. By Parricia J. Linpop. 

Department of Physiology, St Bartholomew's Hospital Medical College, 
London, E.C. 1 

A perfusion method was developed for the determination of the renal blood 

content in acute experiments in rabbits, **P-labelled red cells being used as 

tracers. The animals’ own red cells were labelled in vitro, and a 50 % suspension, 
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of known specific activity, was injected into the ear vein, under sedation with 
30 mg/kg pentobarbitone sodium B.P., with 1000 i.u. heparin as anticoagu- 
lant. Serial blood samples were taken, via a polythene catheter inserted into 
the central artery of the opposite ear, to determine the activity after complete 
mixing of the labelled cells. 

Both kidneys were exposed under ether anaesthesia, and the pedicle of the 
control kidney was locally anaesthetized with 1/1000 xylocaine hydrochloride 
to prevent reflex response to extrarenal stimuli. The rabbit was submitted to 
20 sec asphyxia, and both renal pedicles were simultaneously clamped. The 
renal arteries were cannulated close to the hilum and the renal veins were 
ligated before removal of the kidneys, which were then perfused with 40 ml. 
warm 0-9° sodium chloride. The volume and specific activity of the resultant 
fluid were measured. Determinations of radioactivity were done using an 
M6 type G-M ‘liquid’ counter. 

Results of fifty rabbits of the Rahere strain, ranging from 1 day to 3 years 
old, showed a definite decrease in the proportion of renal blood volume to the 
renal weight, as well as a decrease in the proportion of renal weight to total 
body weight. The renal blood content ranged from 50% in the neonatal period 
to 41%, between weaning and puberty, and thereafter 31 ° in adult life. These 
determinations on the control kidney varied by +2°, around the mean. The 
opposite kidney, which could respond reflexly to the asphyxia, showed 
markedly decreased volumes varying within 4% of 20°% of the renal weight; 
these volumes showed no variation with increasing age. The wider range in this 
group is due to the fact that a constant stimulus was applied to all animals, 
and some responded by maximal decrease in renal blood volume, whereas 
others exhibited only a partial response. 

These findings support the qualitative observations reported as occurring 
in the rabbit’s kidney by Trueta, Barclay, Daniel, Franklin & Prichard (1947). 


The expenses of this research were defrayed from a grant made by the Trustees of the 
Nuffield Foundation. 
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Distribution of splanchnic-evoked potentials in cat spinal cord. 
By M. H. Evans. Royal Free Hospital School of Medicine, Hunter Street, 
London, and Sherrington School of Physiology, St Thomas's Hospital, 
London 

Splanchnic-evoked potentials were recorded from the fibre tracts of cat spinal 

cords by Amassian (1951) and by Aidar, Geohegan & Ungewitter (1952). 

They showed that the responses in the dorsal funiculus are conducted rapidly 
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and originate in Af fibres, while the responses in the lateral funiculi are con- 
ducted more slowly and originate in finely myelinated fibres of the splanchnic 
nerve. This work has been extended to show in more detail the distribution of 
these splanchnic-evoked potentials in the upper cervical cord of cats anaesthe- 
tized with pentobarbitone and/or chloralose. The spinal cord was explored 
with microelectrodes of 20-150, tip diameter, while one splanchnic nerve was 
stimulated by single shocks locked to the oscilloscope time-base. Condenser 
discharge or 0-25 msec rectangular pulse stimulation was used, with an avail- 
able amplitude of 30 V. Maps showing the transverse distribution of the evoked 
potentials were made, by correlating the oscillograms with histological sections, 
for each spinal cord. 

In the dorsal funiculys the responses were ipsilateral and were smaller 
(40-160V) than those evoked by stimulation of somatic nerves such as the 
peroneal. The point of maximum activity lay close to the midline, 0-8—1-7 mm 
below the dorsal surface, ventral to the leg afferents and ventro-medial to the 
arm afferents. Latencies lay between 3-7 and 5-5 msec, and the thresholds 
corresponded to the group Af splanchnic afferents. Antidromic stimulation 
showed that some of these fibres are the central ascending processes of cells 
which innervate mesenteric Pacinian corpuscles. In the ventro-lateral funiculi 
smaller splanchnic responses (30-90,,V) have been found bilaterally, diffusely 
distributed in the ventral half of the cord. A few spike responses of 100-170uV 
were also recorded here. Latencies of both types of response lay between 7 and 
15 msec, and thresholds corresponded to the group Ayé afferents in the 
splanchnic nerve. 


This work was aided by grants for apparatus to C. B. B. Downman from the Central Research 
Fund of the University of London and the Government Grants Committee of the Royal Society. 


REFERENCES 


Aidar, O., Geohegan, W. A. & Ungewitter, L. H. (1952). J. Neurophysiol. 15, 131-138. 
Amaassian, V. E. (1951). J. Neurophysiol. 14, 445-460. 


The effect of cutaneous anaesthesia on skin blood flow. By 
O. G. Epnoum, R. H. Fox and R. K. Macrnerson. Division of Human 
Physiology, National Institute for Medical Research, London 


The increase in forearm blood flow which occurs with body heating can be 
prevented by the iontophoresis of adrenaline into the forearm skin. This finding 
and the observations of Barcroft, Bock, Hensel & Kitchin (1955) that muscle 
blood flow does not increase during body heating, show that the increase in 
flow in the normal arm is in the skin. 

The mechanism responsible for the increased cutaneous circulation has been 
investigated by anaesthetizing the cutaneous nerves supplying the forearm 
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skin, injecting subcutaneously round the forearm just below the elbow 12- 
15 ml. of 2% xylocaine with adrenaline (0-3 ml. 1/1000 adrenaline in 20 ml. 
xylocaine). Complete anaesthesia of the forearm skin was obtained in a 
number of cases, but the forearm blood flow was unchanged. On heating the 
body, the blood flow in the control forearm showed the usual increase, but in 
the anaesthetized arm there was only a small increase, and in some cases there 
was virtually no change. Adrenaline injected without xylocaine had no effect 
on the response to body heating. 

Cutaneous nerve block was also performed during body heating. Although 
it did not prove possible under these conditions to produce complete cutaneous 
anaesthesia, injection of xylocaine reduced the flow, whereas saline injections 
had no effect. ; 

These results show that the vasodilatation in the forearm accompanying 
body heating cannot be due to the release of vasoconstrictor tone. It is con- 
cluded that the forearm cutaneous blood vessels are supplied with vasodilator 
nerves. These findings confirm the observations of Grant & Holling (1938). 
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The effect of nerve block on forearm blood flow. By H. Barcrort, 
0. G. Epnoum, C. A. Foster, R. H. Fox and R. K. Macpuerson. Division 
of Human Physiology, National Institute for Medical Research, London 

Local anaesthesia of the ulnar and median nerves at the elbow and of the radial 

nerve above the elbow produces complete motor paralysis of the forearm. In 

addition, there is a variable degree of cutaneous anaesthesia, averaging about 

40% of the surface area of the forearm. Following such a block, the forearm 

blood flow is increased, and it has been concluded that this is due to the inter- 

ruption of vasoconstrictor fibres to muscle blood vessels (Barcroft, Bonnar, 

Edholm & Effron, 1943). 

This increase in the particular conditions employed in the present experi- 
ments is from a resting level of 3-5 ml./100 ml. forearm/min to 7-0 ml. Cuta- 
neous nerve block, on the other hand, does not increase the forearm blood flow. 
The effect of complete anaesthesia of all nerves supplying the forearm has now 
been measured by blocking the brachial plexus in three normal subjects. The 
resting forearm blood flow is very greatly increased by this procedure. On the 
control side the flow averaged 4-6 ml./100 ml./min and on the blocked side the 
flow was 16-7 ml./100 ml./min. 

These results indicate that brachial plexus block interrupts a vasocon- 
strictor pathway which is not affected by cutaneous nerve block or anaesthesia 
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of the ulnar, median and radial nerves at the elbow. It has not been possible to 
determine if the increased blood flow after brachial plexus block is mainly in the 


cutaneous or muscle vessels. 
REFERENCE 


Barcroft, H., Bonnar, W. McK., Edholm, 0. G, & Effron, A. 8. (1943). J. Physiol. 102, 21-31. 


The relation between sweat rate and body temperature when 
heat loss is small. By D. F. Brenner, D. MoK. Kerstaxe and 
J. L. Wappew.. R.A.F. Institute of Aviation Medicine, Farnborough, 
Hants 


The nature of the afferent stimulation which provokes sweating is not precisely 
known. The sensitive regions may be central, peripheral or intermediate, and 
the stimulating parameters may be temperature, temperature gradient, heat 
flux or the rates of change of these. An attempt has been made to measure 
sweat rate under conditions approaching zero thermal gradient and heat flux. 
All the somatic tissues are then at approximately the same temperature, 
which is rising at a fairly constant rate depending on the metabolic heat 
production. 

The condition was obtained by immersing the subject in a stirred bath of 
water, the temperature of which could be controlled and maintained equal to 
his sublingual temperature when desired. Measurement of total sweat loss was 
not practicable in these circumstances, but the loss from small sample areas of 
skin was estimated by passing dry air through capsules applied to the skin and 
collecting the water in weighed drying tubes. Three subjects have been 
examined. 

Results demonstrated a linear relation between temperature and the rate of 
sweat secretion, the intercept for zero sweat rate (obtained by extrapolation) 
being constant for each subject. There was no significant difference in the 
intercepts for different skin regions. The relation was maintained whether the 
subject was heated or cooled between periods of observation, and has been 
followed over the range 36-5-39° C. There was no evidence of a reduction in the 
sweat response at the highest temperatures or in the later stages of the experi- 
ments, which did not exceed 2 hr in duration. 


The influence of prior instruction to the subject on an apparently 
involuntary neuro-muscular response. By P. H. Hammownp. 
Radar Research Establishment, Ministry of Supply, Malvern, Worcs 


Apparatus has been demonstrated (Hammond, 1954) whereby the elbow 
flexors can be stretched suddenly, without warning. The subject, connected 
to the apparatus by a wristlet, flexes his forearm against a steady force; a pull 
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of constant rate is then applied to the wristlet to extend the forearm. Instruc- 
tions, to ‘resist’ or ‘let go’ when pulled, are given several seconds before each 
group of pulls. 

In Fig. 1a are shown ten superimposed ‘resist’ responses. For sixty such 
responses the mean latency from the application of the stimulus to the rise in 
active force is 71-5 msec, s.D. 4 msec. Fig. 1b shows responses from the same 
subject but with mixed instructions; two to ‘resist’ and five to ° let go’. The 
response can be modified profoundly by prior instruction, the time from the 
application of the pull to the point of divergence of the responses being about 
73 msec. ‘Let go’ responses show a much greater variety in shape than ‘resist’ 


50 msec 50 msec 50 msec 


(a) (6) (<) 


Fig. 1. Tension (uppermost) and biceps e.m.g. responses. (a) Sudden extension of forearm, 
40 cm/sec at wrist. (6) Sudden extension of forearm, 40 cm/sec at wrist, (c) Taps at wrist. 


In a second experiment, to determine the subject’s reaction time, he is asked 
to pull as rapidly as possible after a tap on the wristlet. For seventy-three 
responses (of which Fig. 1c is a sample) the mean latency from the tap to the 
beginning of the rise in tension is 113 msec, s.p. 17 msec. 

The shorter latency and greater consistency in ‘resist’ responses to pulls com- 
pared with taps suggests that a stretch reflex is at work when the arm is forcibly 
extended. This must be reconciled with the fact that prior instructions to ‘let 
go’ can interfere so rapidly and effectively with the subject’s response. It is 


accordingly suggested that a spinal stretch reflex mechanism can be preset by 
nervous activity from the brain. 


Acknowledgement is made to the Controller of H.M. Stationery Office for permission to publish 
this paper. 
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Hammond, P. H. (1954), J. Physiol. 127, 23-25 P. 
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Baroceptor activity in hypertension. By J. H. Green and J. W. 1 
McCuBBIN 
Shortening of the cardiac action potential due to a brief 7 
injection of KCl into the coronary circulation of the turtle. H 

By 8. WEIpMANN 
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The effects of fatigue on the electrical activity of human muscle. 
By 0. C. J. Lippotp and J. F. Parmer 


A simple general purpose stimulator. By J. F. Parmer. Department 
of Physiology, University College London, W.C. 1 


This unit was designed to replace the induction coil stimulator in class experi- 
ments. It provides a low-impedance rectangular pulse of controllable duration 
and magnitude either at an adjustable frequency or at intervals determined 
by external electrical or mechanical triggering (Fig. 2). 

The circuit (Fig. 1) consists of an asymmetrical multivibrator (V1 A, V1B) 
which may be converted into a ‘flip-flop’ for external triggering by biasing 
off V1B. High-tension and heater voltages are obtained from the a.c. mains 
by conventional half-wave rectification and smoothing. With switch S1 in the 
‘repetitive’ position, pulse duration is controlled by the pre-set potentiometer 
VR1 and pulse frequency by VR3. Normally VR1 is set at 150 kQ and VR3 
has a value of 2MQ, giving a pulse width of about 0-4 msec and a frequency 
range between 5 and 100/sec. VR1 and VR3 may take the form of selector 
switches if greater ranges of pulse width and frequency are required. Thus 
pulses of up to 10 msec or more at frequencies between | pulse in 2 min and 
200 pulses/sec are easily obtained. 

Increasing the pulse width reduces the frequency. This effect may be 
minimized if desired by an additional set of contacts on the pulse width selector 
switch so that R4 may be varied in a compensatory manner for different pulse 
widths. 

With switch S1 in the ‘trigger’ position single pulses may be obtained by 
short-cireuiting the mechanical trigger terminals, closure of the manual 
trigger switch S3, or by a positive pulse of about 30 V applied to C5 via /1. 

R6 and C7 control the ‘ paralysis’ time of the mechanical trigger input and 
may be increased in value or made adjustable if ‘bounce’ in the external 
mechanical contacts causes more than one pulse to be generated at each 

b 


4 

> 


22 P PROCEEDINGS OF THE PHYSIOLOGICAL 

‘triggering’. The maximum pulse height is about 60 V; VR2 may be reduced 
in value if a smaller maximum is required. The additional contacts on the 
output on/off switch $2 and the manual trigger switch S3 are wired in series 
and brought out to signal marker terminals. 


R2 
VR2 H 
R8 H 
L2 VR3 


Mech. trig. | 
? Mains input 


Fig. 1. Circuit diagram of stimulator. Rl =30 kQ, R2=20 kQ, R3, R7=5kO; R1, R2, R3, R7= 
5 W; R4=—220 kQ; R5, R6=120 R8=50k0. Resistances W unless specified. V Rl 
250 kQ preset (150 kQ = 0-4 msec pulse). VR2=2k0N, 4W, VR3=2 MQ; C1 =0-25,F, 
C2, C7 =1000 pF, C3, C4=—8yF, C5 =500 pF, C6=—100 pF, C8=50yuF, 50 V wkg. Con- 
densers 500 V wkg. unless specified. S1=—two-pole change-over switch, 82, 83, S4=two- 
pole on/off switch. J 1 =—two-pole jack socket. F =mains fuse (1 A.). MR1, MR2=selenium 
contact-cooled 250 V, 85 mA rectifiers. V1A, V1B=12 AU7. L1=low-voltage dial light. 
L2=low-current neon indicator lamp. 7'1=mains transformer, secondary windings 6-3 V, 
1 A and 300 V at 50 mA. 


(a) (b) 
Fig. 2. Output wave-form of stimulator. (a) Pulse of 0-4 msec duration at 100/sec. (b) Two pulses 
of 2 msec duration, 23 msec apart, triggered externally by kymograph contacts. 


» For more advanced applications two or more of these stimulators may be 
employed with another small unit now being developed, so that several pulses 
of controllable delay, amplitude and duration may be mixed together and 
triggered repetitively or externally as required. 


VIA MR1 MR2 
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A method for continuous measurement of pulmonary lobar blood 
flow in the dog. By M. pe Buren Daty 


The mechanical properties of Pacinian corpuscles. By S.J. Husparp. 
Department of Physiology, University College London, W.C. 1 


The electrical response of Pacinian corpuscles to mechanical deformation has 
been the subject of previous investigations (see Gray & Sato, 1953). Inall these 
experiments the mechanical movement causing the electrical response was 
measured outside the receptor capsule. The technique to be demonstrated 
represents an attempt to follow some of the changes in the internal structure 
of the corpuscle during mechanical deformation. 

The corpuscle was dissected free and the single nerve fibre cut as near the 
capsule as possible. The corpuscle was then mounted in Ringer—Locke solution 
in a glass cell in the form of a hinge having its edges sealed with a flexible 
material, the whole unit then being mounted on the stage of a microscope. 
A relay-lever system was used to compress the front surface of the hinge. The 
movement was recorded by the displacement of a thin steel wire which passed 
behind the hinge; one end of this wire was fastened to the anode of an RCA 5734 
transducer and the other to a fixed stop. Single flash (2sec) photomicro- 
graphs were taken at various times during a linear compression using a 2/3 
objective and a x 10 eyepiece; the light source was a Mullard LSD2 flash tube 
which could be triggered at any desired moment. A wheel stop in the micro- 
scope condenser gave dark-ground illumination of the object, so causing the 
laminae of the corpuscle to appear as black lines on the photographic film, thus 
enabling measurements to be made by direct projection and so minimizing 
errors due to photographic processing. 

The velocity and magnitude of the movement were both independently 
variable, and in all experiments up to the present have been adjusted to give 
values ranging from 2 to 10,/msec, i.e, about 2-10 times the critical slope 
(Gray & Matthews, 1951) and a total movement of between 20 and 100,. 
Preliminary results under these conditions have indicated that sufficient 
resolution has been achieved to enable internal laminar movements to be 
followed so that an estimate of transient pressure changes from the resting 
state of mechanical equilibrium can be made. By this means it is hoped to 
estimate the amplitude, time course and orientation of the displacement 
occurring at the nerve terminal. 


REFERENCES 


Gray, J. A. B. & Matthews, P. B. C. (1951). J. Physiol. 114, 454-464. 
Gray, J. A. B. & Sato, M. (1953). J. Physiol. 122, 610-636. 
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The survival of the rat’s superior cervical ganglion at ~79° C. 
By J. E. Pascoz 


A modified bronchoscope for the measurement of intracardiac 
pressure in dogs. By P. R. Atuson. A.R.C. Institute of Animal 
Physiology, Babraham, Cambridge 

The bronchoscopic measurement of left auricular pressure in man is well 

established and has given very useful information (Facquet, Lemoine, 

Alhomme & Lefebvre, 1952; Allison & Linden, 1953, 1955). Measurements 

are sometimes recorded in this way under loca! or general anaesthesia and 

sometimes by direct needle puncture when the chest is open at operation. 

How far measurements under such widely varying conditions are comparable 

is worth finding out, though it hardly seems feasible in humans. It became 

necessary to modify the apparatus so that, in an animal experiment, left 


Fig. 1. The Negus bronchoscope (foreshortened) with Magill cuff and air-tight extension. 


auricular pressure could be measured continuously when the subject was 
breathing spontaneously, when respiration was being controlled by a pump 
but with the chest closed, and when the chest was widely open. To achieve 
this the Negus adult aspirating bronchoscope was modified as follows: 

The part of a Magill tube bearing the cuff (2) was cut away and placed over 
the distal section of the bronchoscope so that, when the end of the broncho- 
scope was at the carina, inflation of the cuff occluded the trachea. The smal! 
side-tubes at the proximal end of the bronchoscope for aspiration and gas 
administration were sealed by polythene plugs (6). 

A brass extension to the proximal end of the bronchoscope was then made 
to fit over the end (c). It had appropriate niches cut in it to accommodate the 
lamp carrier and other projections from the bronchoscope so that it fitted 
snugly and tightly. The end of this extension away from the bronchoscope 
was sealed by a polythene cap (d) so that vision down the instrument was 
unimpaired, and in this cap a small hole (e) was made into which the cannula 
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carrying the needle fitted accurately. A short distance from the end of the 
extension was @ side arm(/), of nearly the same calibre as the extension itself, 
on to which tubing could be fitted for inflation. Under general anaesthesia 
the bronchoscope is passed down to the carina and the extension fitted. The 
needle is then passed through the hole in the polythene cap and inserted 
through the bronchial wall into the left auricle. Records of left auricular 
pressure are taken with the side arm wide open and the dog breathing 
spontaneously. 

The Magill cuff may then be inflated, the respiratory pump connected to 
the side arm, anaesthesia deepened to abolish normal respiration, and inter- 
mittent positive pressure applied. A further record is taken under these 
conditions. The needle may be left im situ and more tracings obtained while 
the chest is opened to atmospheric pressure. This simple modification of the 
method can be used in combination with right heart catheterization in many 
varied circumstances to test the effect on the pulmonary circulatory pressures 
of the abnormal conditions imposed on man by anaesthesia and operation. 


REFERENCES 


Allison, P. R. & Linden, R. B. (1953). Circulation, 7, 669-673. 
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Methods for investigating spinal cord activity. By A. FernaNnpDEz DE 
Mo tina and J. A. B. Gray 


Compensatory rolling movements of the eye. By P. A. Merron, 
Medical Research Council, Neurological Research Unit, National Hospital, 
Queen Square, London, W.C. 1 

When the head or the body is moved during fixation of an object, the vestibular 

system automatically turns the eyes in their sockets so as to maintain fixation. 

Whitteridge (1955) draws attention to the analogy with the servo-stabilized 

platform on a warship from which targets are tracked. In both instances 

there are three components of movement to be compensated; to avoid the 
word ‘rotation’ which is ambiguous without qualification, they are best called 
elevation, azimuth and roll (i.e. rotation around the visual axis). Accurate 

compensation for movements of the head in elevation and azimuth is im- 

mediately evident from everyday experience, but rolling movements are said 

to be very imperfectly compensated (Duke-Elder, 1938). This is true if the 
head is moved slowly, but it will be demonstrated that quick movements are 
well compensated. 
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The apparatus consists of a swing seat hung from a ball-bearing. The subject 
swings from side to side while peering with one eye through the centre race of 
the bearing. Thus the subject rotates around the visual axis of his eye with 
a half-period of about 1 sec. A low-powered microscope views the iris, which 
is seen to remain stationary with the eyelids rotating around it. Compensation 
fails noticeably when the swing extends much over 30° either side of vertical. 
The bulbar conjunctiva is stationary where it is attached to the sclera at the 
limbus, but farther away moves circumferentially relative to the sclera. One 
experiment on a subject with a contact lens showed that the lens (which ex- 
tended over the conjunctiva) moved with the head and therefore was no index 
of the rolling of the eyeball itself. (Some sliding of bulbar conjunctiva relative 
_ to sclera was also observed during movements in azimuth, but it did not 
appear, in this instance, to cause the lens to shift on the cornea.) 

Owing to the difficulty of obtaining fixed index marks on the eye, quantita- 
tive measurements are most simply made subjectively with after-images. The 
subject bites a wax grip to which is fixed, about a foot from the face, a ruler, 
which is horizontal when the head is upright. By fixating the edge of the ruler 
against a bright background its after-image is obtained. When the head is 
rolled from side to side (or when the subject is in the swing) the after-image 
remains horizontal, while the ruler, of course, turns with the head. If the 
head is left at an inclination, however, the after-image turns towards the ruler 
with a time constant of about 2 sec. It never actually becomes parallel to the 
ruler; there is a small residual compensation, about one-tenth of complete 
(depending on the angle of inclination), as observed by previous authors 
(Duke-Elder, 1938). 

It appears plausible to attribute the rapid, almost complete compensation 
to the semicircular canals, and the residual compensation to the otoliths. 
Thus it is observed that when the subject lies on his back with optic axes 
vertical, stabilization against rapid roll again occurs. After a single turn the 
after-image catches up the ruler at the same rate as before, but there is no 
residual effect; the after-image and ruler become accurately parallel again. 

The function of compensation in roll may be to prevent rapid movement of 
the image on the retina and thus preserve the visual acuity. One subject read 
down to Jaeger 8 test type at 5 ft. (average 4 min of are per letter) with the 
swing standing still, using one eye. When swinging 30° either side of vertical this 
was still just possible. With larger excursions performance deteriorated, perhaps 
because stabilization fails at about that stage. When the head is rolled to one 
side and remains there, it appears that the movement of the image, as stabiliza- 
tion decays, is sufficiently slow not to affect acuity. 

The movements described here do not seem to be directly concerned with 
the judgement of the vertical in the visual field. When a luminous vertical line 
is viewed in an otherwise dark room (to remove all visual clues to the vertical) 
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it does not appear to tilt when the head is rolled to and fro or is held tilted up 
to about 40°. Aubert’s phenomenon (apparent tilt of the line to the left when 
the head rolls to the right) only develops at larger angles of roll. 
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The perfusion of a Pacinian corpuscle. By J. Diamonn, R. Freatuer- 
stone, J. A. B. Gray and D. R. Inman. Department of Physiology, 
University College London, W.C. 1 


The rate of diffusion of inorganic ions through the laminated reigetiles of 

Pacinian corpuscles is slow (Gray & Sato, 1955). In order, therefore, to in- 

vestigate the effects of different ionic concentrations on the receptor nacre, 
a perfusion technique has been developed. 
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Fig. 1. a, Pacinian corpuscle; 6, barrier (Perspex and petroleum jelly); c, branch artery; 
d, a mesenteric artery ; e, cannulae; f, clamps; g, pressure system ; h, outflow tap; i, a mesenteric 
vein, 


The ingoing capillary runs alongside the axon for a short distance (c. 1 mm) 
immediately outside the capsule of the receptor. This length of axon and 
capillary are cleared of unwanted tissue, using the technique described by 
Gray & Sato (1953), except for the following modifications: the cat is hepari- 
nized and all vessels to be divided are tied before the intestines and mesentery 
are removed from the animal. The vessels of the mesentery thus remain full 
of blood and are easy to see during dissection. 
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The next stage is to tie all the branches of the associated mesenteric artery 
except that supplying the corpuscle. The mesenteric artery is prepared to take 
metal cannulae at either end and the whole piece is then cut out by diathermy, 
the current being applied through a fine point. 

Finally, the preparation is mounted as shown in the figure. The dead space 
is washed out by opening the outflow tap and the perfusion pressure raised 
by closing it. 

At the end of all experiments the preparation is perfused with Indian ink. 
In most instances the preparation is fixed in osmic acid and mounted. 

Slides of successful preparations will be shown, together with the apparatus 
used and some of the results obtained. 
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Synthesis of amino-acids from water, hydrogen, methane and 
ammonia. By L. Hover and A. F. Rogzrs. Departments of Chemistry 
and Physiology, University of Bristol 


The suggestion by Oparin (1938) that the primitive earth had a reducing 
atmosphere consisting of water vapour, hydrogen, methane and ammonia was 
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Fig. 1 Fig. 2. High-frequency high-voltage spark supply. 
T2 is a motor car spark coil. 
supported by Bernal (1949a, b, 1951) and by Urey (1952a, 6). Recently, 


Miller (1953, 1955) subjected this gas mixture to an electric discharge and 
reported the formation of amino-acids. 
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This striking claim has been confirmed in a sealed glass system (Fig. 1). 
Water (200 c.c.) was placed in the flask and the apparatus pumped out for 
5 min to remove air and dissolved gases. Hydrogen was introduced to a 
pressure of 10 cm Hg, followed by methane (20 cm Hg partial pressure), and 
finally ammonia (20 cm Hg). The total pressure of about 50 cm Hg then fell 
as the ammonia partly dissolved in the water. The flask was heated and water 
vapour passed up into the 51. mixing chamber and down through the spark 
chamber to a condenser, returning to the boiling flask by a non-return U-tube. 


———> Butan-1-ol, acetic acid, water (2:1:1 v/v) 


| 
ere B-Alanine +y.Aminobutyric acid 
° 
= a-Alanine 
© @-Aminobutyric acid 
O Ethanolamine 
O Unknown 


Fig. 3. Main constituents indicated by vendieeeaieads paper chromatography. 


A high-frequency high-voltage spark was maintained across the electrodes by 
the circuit shown in Fig. 2, and the apparatus was run continuously for a week, 
during which the contents of the flask steadily darkened to red or brown. The 
fluid was then removed, concentrated and investigated by paper chromato- 
graphy (Fig. 3). 

Amino-acids were present to the extent of a few mg %, mainly alanine, 
glycine and amino-butyric acids. The fluid smelt strongly of cyanide, and was 
also thought to contain ethanolamine. There were traces of many other amino- 
acids, but no aspartic acid could be found (cf. Miller). Urea was present. 

Both tungsten and platinum electrodes were used, and a considerably 
larger yield was obtained using tungsten, raising the possibility of catalytic 
action. 
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An acoustic analogue showing the structural basis of the trans- 
parency of the cornea. By D. M. Maurice 


Inhibition of the anaphylactic reaction in vitro and in vivo. By 


J. L. Mongar and H. 0. Scutitp. Department of Pharmacology, University 
College London, W.C.1 


The anaphylactic reaction can be inhibited in a variety of ways (Mongar & 
Schild, 1955). Two of these will be demonstrated. 

(1) Inhibition by raised temperature. When tissues are exposed to a tem- 
perature of 44° for 20 min or to 43° for 60 min, the anaphylactic mechanism 
is inactivated. These effects may be shown in the whole animal, since guinea- 
pigs survive when their body temperature is raised in this way. It will be 
demonstrated (a) that raising the temperature of isolated tissues inhibits 
histamine release by antigen from sensitized lung, and abolishes the anaphy- 
lactic reaction of the ileum, without impairing its response to histamine; 
(6) that similar effects are produced when the whole animal is heated. 

(2) Inhibition by antipyretic drugs. Antipyretic drugs and related com- 
pounds inhibit the anaphylactic reaction. It will be demonstrated (a) that 
isolated tissues can be desensitized by antigen in the presence of these drugs 
without producing histamine release or an anaphylactic reaction; (b) that the 
blueing reaction in the whole animal can be inhibited. When sensitized guinea- 
pigs are injected intravenously with Pontamine Blue, a local injection of 
antigen produces a blue wheal. When the guinea-pigs have been injected 
previously with 50 mg/kg of phenyl butazone, the blueing reaction by antigen 
is inhibited. 
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Reactions of chick amnion to stretch and electrical stimulation. 
By D. H. L. Evans and H. 0. Scuttp. Departments of Anatomy and 
Pharmacology, University College London, W.C.1 

The amnion of the chick contains plain muscle but is generally considered to 

be devoid of nerve fibres and ganglion cells. The isolated amnion responds to 

a wide variety of stimulant and inhibitory drugs (Bauer, 1928; Evans & 

Schild, 1953; Ferguson, 1940), and we have found that it also responds to 

electrical and mechanical stimulation. 

When the isolated amnion suspended in Ringer solution is stimulated by 
brief pulses of sine-wave alternating current at 0-6-3 V/cm, it responds with 
a rapid and transient contraction. The magnitude of the isotonic contraction 
thus produced is graded, depending on the strength and duration of the 
electrical stimulus. 

Mechanical stimulation was produced in two ways: (a) the preparation was 
stretched by a device depending on the rotation of a spiral-shaped cam acting 
on the recording lever (constant stretch stimulation), (b) by a coil rotating in 
an electric field attached to the pivot of the recording lever (constant force 
stimulation). With both methods the intensity and duration of stretch could 
be varied. When the amnion is stretched for a short period it responds, after 
release of the stretch, with an active contraction, which is comparable in 
magnitude and duration to that following electrical stimulation. These con- 
tractions can be elicited repeatedly at intervals of about 1 min for several 
hours, provided that the preparation is not over-stretched. The stretch stimulus 
is rapidly dissipated. Whereas a stretch maintained for only 0-5-1 sec produces 
a good contraction, one lasting for 5-10 sec produces a greatly diminished 
contraction or none. The rate of dissipation of the stretch stimulus increases 
with temperature. 

In the demonstration, electrical and mechanical stimuli are applied alter- 
nately and the effects of drugs on the responses shown. At bath temperatures 
of 38° C, the amnion exhibits spontaneous rhythmic contractions which inter- 
fere with induced activity, and for this reason the bath temperature is kept 
at 30° C. Both electrical and mechanical stimulation are inhibited by papa- 
verine (10-*) and chlorpromazine (10-*), but not by morphine (10-°) and 
atropine (10-5). Schaumann (1955) has reported that morphine and atropine 
inhibit the stretch response of the longitudinal muscle coat of the guinea-pig 
ileum and has suggested that these drugs act through the nervous elements. 
The failure of morphine and atropine to influence the stretch response of the 


amnion supports this view. 


Bauer, M. (1928). Arch. exp. Path. Pharmak. 134, 49. 

Evans, D. H. L. & Schild, H. O. (1953). J. Physiol. 122, 63 P 
Ferguson, J. (1940). Amer. J. Physiol. 131, 524. 

Schaumann, W, (1955). Brit. J. Pharmacol. 10, 456. 
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A semi-microrespirometer. By J. W. Rives 


Effect of nitrate on the electrotonic potential of muscle By 0. F. 
Hutter and 8. M. PapsHa 


Electrophoretic application of tubocurarine to single end -plates. 
By J. pet Castiiio and B. Karz 


Cathode followers and interchangeable preamplifier units for use 
with oscilloscopes. By K. CoprLanp 


All-plastic perfusion pumps. By F. Ba.inatonet, F, Ives and 
F. R. Winton. Department of Pharmacology, Unwersity College London, 
W.C.1 


One of us has had an opportunity to perfuse dog kidneys with heparinized 
blood from a plastic pump and has noted much higher creatinine clearances 
and blood flows than are obtained with the usual pump arrangements con- 
structed of glass and rubber. To stabilize arterial pressure this plastic pump 
circuit included an ‘arterial resistance’, on the principle of that in Starling’s 
heart-lung apparatus, thus needing a greater output from the pump than 
passed through the kidney. To this, to the resistance itself, and to turbulence 
at the automatic valves was attributed the observed slow but progressive 
haemolysis. The plastic pump now demonstrated is designed to adjust its 
output rapidly to varying vascular resistances by changing the amplitude of 
its stroke, while maintaining a constant arterial pressure. Dead space is kept 
to a minimum. 

The double-acting pump involves alternate compression and release of two 
elastic P.V.C. tubes by a platen situated between them. Mechanically operated 
valves are provided by reciprocating plungers which pinch the elastic tubes 
near their inflow and outflow ends, being operated by quick-lift cams timed 
just to prevent regurgitation of blood through both valves. The flow of blood 
in the two elastic tubes is in opposite directions, so that a single one of these 
cam-operated plungers serves both for the inflow valve of one, and for the 
outflow valve of the other tube. The amplitude of the platen can be varied by 
a control motor which thus varies the output of the pump from zero to its 
maximum. | 

Maintenance of constant arterial pressure is effected in principle by a 
mercury manometer which makes and breaks an electrical contact at a certain 
level, and so reverses the direction of rotation of the motor controlling the 
amplitude of movement of the platen. Such an arrangement oscillates fairly 
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violently unless feed-back is applied to it. From the lower end of the U-tube 
of the mercury manometer, therefore, is T’d off a long-coiled glass tube 
flexibly coupled to a reservoir, all filled with mercury. The height of the con- 
trolled arterial pressure is thus adjustable by varying the height of the 
reservoir. A feed-back syringe is coupled to the control motor so that, when 
it begins to decrease the stroke, additional mercury is fed into the U-tube 
reservoir system near the T-junction mentioned above. If this togk place 
slowly enough it would have little effect beyond slightly raising the level in the 
wide-surfaced reservoir and so slightly raising arterial pressure. The inertial 
and viscous impedance of the long-coiled mercury-filled tube is, however, so 
chosen that, at the speed at which the syringe discharges there is a substantial, 
though transient, inflow into the narrow U-tube which produces pre-emphasis 


_ of the change in pressure which would subsequently have been achieved by the 


decrease in plunger stroke and thereby prevents over-swing and oscillation. 
As a refinement, a second syringe operates to remove exactly the same volume 
of mercury from the reservoir as has been added by the feed-back syringe, so 
preventing change in arterial pressure. By varying the sizes of these two 
syringes, and the diameter of the reservoir, any predetermined relation between 
arterial pressure and blood flow could be secured. 

Blood. pressure reaches one limb of the U-tube through a water-filled 
flexible tube, a flexible nylon membrane separating blood and water. The 
U-tube, about 1-5 mm in diameter, has a sealed-in wire which can connect 
with the mercury at the water-mercury interface, so affecting a valve relay as 
to reverse the control motor. 

The blood from the pump is smoothed by an air cushion in the form of an 
inverted U in a Perspex chamber. From the further limb of this U there is 
a saline connexion to a second mercury manometer which records on a kymo- 
graph, the air thus constituting a barrier between the blood and saline. The 
pump shown has elastic tubes 11 mm internal diameter and 185 mm in length. 
The platen is 100 mm wide and it rocks at 96c/min. Output: zero to over 
500 ml,/min. 

A second pump will be shown with a range from 0 to 5 ml./min. It consists 
of a modified Bayliss—Mueller roller pump, control being effected by varying 
the speed of rotation of the rollers. The pressure control and feed-back system 
follow the principles described above, but a substantially simpler version of 
the latter is adequate in this range of low outputs. 


The effect of hypertonic solution on the load-velocity ratio in 
isotonic contraction. By V. Howartu 


Electronic gate for use with Dekatron counter. By J. F. Patmer 
and G. Reap 
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Observations on the physical state of chromosomes. By R. Barzr 
and 8. Joszrx. Department of Human Anatomy, Oxford 


In the course of measurements on the refractive index of living cells (Barer & 
Joseph, 1954; 1955) it was observed that when dried or fixed cells are placed 
in concentrated protein solutions and viewed by positive phase-contrast micro- 
scopy, the chromosomal material appeared bright, whereas the cytoplasm 
appeared dark. The protein usually used has been Armour’s bovine plasma 
albumin, fraction V, but crude commercial egg-albumin solutions clarified 
by centrifuging are also suitable. In general the protein concentration 
should exceed 40%, corresponding to a refractive index of about 1-40. 
Similar results have so far been obtained with all types of cells examined, 
including Protozoa, animal and plant cells. In the case of plant cells, however, 
the cellulose wall also appears bright. Good correlation has been found 
between the distribution of chromosomal material as demonstrated by this 
method and that obtained by Feulgen staining. Digestion with desoxyribose- 
nuclease causes a gradual disappearance of the bright areas. It thus appears 
likely that the effect is due to the presence of nucleic acid or nucleoprotein. 
It is, however, difficult to explain why the chromosomes should have a 
refractive index less than 1-40, whereas it is well known that dried proteins 
and nucleic acids have a refractive index of about 1-53. On immersing dried 
or fixed cells in non-aqueous media it was found that the refractive index of 
the chromosomes was in fact about 1:53. Hence these structures appear to 
have a refractive index which differs with the immersion medium used. The 
most likely explanation is that the chromosomes (and cellulose walls) have 
a dense gel structure which is capable of re-imbibing water, but whose inter- 
stices are too small to allow protein molecules to penetrate. Model experiments 
with nucleoproteins, nucleic acids and other macromolecular substances 
capable of forming gels showed that these behaved in a similar manner to 
chromosomes. Experiments have also been carried out with peptones, acacia 
gum and polyvinylpyrrolidone in order to see whether these molecules would 
penetrate into the chromosomes. The first two substances do not penetrate 
dried chromosomes, but will usually penetrate after fixation, suggesting that 
this process increases the size of the interstices of the gel. Polyvinylpyrrolidone 
penetrates both dried and fixed chromosomes. 


This work was supported by a grant from the Medical Research Council to S.J. 
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The effects of certain metabolic inhibitors on the phosphate esters 
of the squid giant axon. By P. ©. Catpwe.t*. Laboratory of the 
Marwe Biological Association, Plymouth 
Hodgkin & Keynes (1955) have shown that the active extrusion of sodium ions 
from the giant axons of the squid Loligo forbesi and the cuttlefish Sepia 
officinalis is greatly reduced if they are bathed in sea water containing 
0-1-0-2 ma-dinitrophenol, 1-10 mm-cyanide or 3 mm-azide. The active extru- 
sion is restored if the inhibitor is washed away. The effects of these inhibitors 
on the phosphate esters in the giant axon of Loligo forbesi have therefore been 
investigated to find out whether the disappearance of the active extrusion of 
sodium can be correlated with changes in the amounts of these esters. 

Samples of axoplasm from the axons were extracted with trichloroacetic 
acid and the phosphate esters in the extract separated by two-dimensional 
chromatography, the method used being similar to that used previously for 
muscle extracts (Caldwell, 1953). In the absence of inhibitors, the three main 
phosphate ester fractions found were orthophosphate (67-236 yP/g), a frac- 
tion (58-135 yP/g) which is probably ATP, since it has the same R,» values as 
ATP, and a phosphagen fraction (47-152 yP/g). Since Lohmann (1936) has 
shown that the phosphagen in the muscle of the cephalopod Octopus vulgaris 
is arginine phosphate, it is possible that the phosphagen fraction consists of 
this compound. 

Immersion of the axons in sea water containing 0-2 mm-dinitrophenol for 
about 100 min reduced the phosphagen fraction to a low level but had little 
effect on the ATP fraction. The phosphagen reappeared if, after treatment with 
dinitrophenol, the axons were soaked in dinitrophenol-free sea water for 
about 50 min. Immersion for about 100 min in sea water containing 2 mm- 
cyanide resulted in a lowering of both the phosphagen and the ATP fractions 
to low levels, and these fractions reappeared if the axons were afterwards 
transferred to cyanide-free sea water. Immersion for about 150 min in sea 
water containing 3 mm-azide also lowered the phosphagen and the ATP 
fractions, although the effect on the latter was less than that of cyanide, and 
both fractions reappeared on subsequent immersion in azide-free sea water. 
In all these experiments the axons retained their ability to conduct action 
potentials. . 

The periods of soaking in the inhibitors should have been long enough for 
the inhibition of the sodium extrusion to reach a maximum, and the periods 
of soaking in sea water after treatment with an inhibitor should have been 
long enough for the restoration of the extrusion. The results suggest therefore 
that in squid axons there may be some correlation between the functioning 
of the sodium extrusion process and the amounts in the axon of certain 
phosphate esters, in particular the amount of phosphagen. 


* Beit Memorial Fellow. 
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The prediction of adult human body measurements from measure - 
ments taken from birth to five years. By M. J. R. Hnaty, 
R. D. Locxuart, J. MacKenziz, J. M. Tanner and R. H. Wutrenovse. 
Statistics Department, Rothamsted Experimental Station, Department of 
Anatomy, Marischal College, Aberdeen, and Institute of Child Health, 
Great Ormond Street, London 


During the years 1925-32 the late Prof. Alexander Low of Marischal College, 
Aberdeen, measured 65 boys and 59 girls at birth and every subsequent 
birthday up to and including age 5. Twenty-one physical measurements were 
taken. We have now traced and remeasured, as adults aged 25-30, 65% of 
these individuals, that is, 42 men and 38 women. 

The degree to which adult measurements may be predicted from measure- 
ments at 0, 1, 2, 3, 4 and 5 has been examined for supine length, weight, 
forearm and foot lengths, head length and breadth, and shoulder and hip 
widths. For each of these dimensions the following statistics have been 
computed: 

(a) The correlation coefficients between the adult measurement and the 
measurements at birth, 1, 2, 3, 4 and 5; for example, for supine length the 
figures are birth-adult, 0-27; 1-adult, 0-67; and subsequently 0-77, 0-79, 0-81 
and 0-79. 

(6) The percentage of the adult variance of a measurement accounted for 
cumulatively by regression on the measurement at birth, then on birth and 
1 year combined, then on 0, 1 and 2 years combined, and so on. These per- 
centages represent the increasing degree of prediction of the adult measure- 
ment which becomes possible as the child grows; for supine length they are: 
at birth 5%, by 1 year 45% and subsequently 59, 64, 66 and 66%. 

' From the detailed figures to be presented the following conclusions may be 
drawn: 

(i) The size of the baby at birth is only very slightly related to the size of 
the adult or indeed to the size at 2 years old. Probably this is because of the 
major influence prenatal environment exerts on birth size. During the first 
two years correlations with adult size rise sharply, presumably as the inherent 
growth potentialities assert themselves. The prediction of adult size from size 
at age 3, however, is as good as, or better than, prediction from age 4 or 5. 

(il) The rate of growth from birth to 5 has only a very small effect on adult 
measurements. Rate and size are practically independent. 
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The Stiles~Crawford effect in the frog’s retina. By K. 0. Donner 
and W. A. H. Rusuton. Physiological Laboratory, Cambridge 


In 1933 Stiles & Crawford found that the light which entered through the 
centre of the dilated human pupil appeared to the subject brighter than the 
same light entering near the edge. Flamant & Stiles (1948) showed that the 
effect applied chiefly to the cones and could therefore be used to distinguish 
between the contribution of rods and cones in a visual sensation. 

We have found that the frog’s retina exhibits a directional effect, that this 
is seen when the front half of the eye has been removed (confirming that it is 
a retinal effect), that it is found chiefly in the cones and thus can help to 
disentangle the rod and cone contributions to optic nerve discharges. 

Method. The anterior half was removed from the excised frog’s eye, and the 
retina, remaining ™ situ with only a thin layer of vitreous above it, was placed 
facing upwards. A 5-10y metal-in-glass electrode was lightly placed upon the 
retina in such a position that a good isolated spike of 504V or more was 
obtained, as in Granit’s experiments. The light fell upon the retina from above 
where it was focused by an {2 achromatic lens system to give a retinal image 
0-1 mm in diameter, lying well in the receptive field for the ‘spike’, but clear 
of the microelectrode. 

The f2 lens was not filled with light but transmitted only a thin pencil 
which could be caused to pass through the centre or to one or other side as 
desired, and hence the fized spot on the retina could be illuminated by the 
same light cone coming from different directions. Wedges and filters were also 
interposed in the beam to modify its colour and intensity. 

Results. The dark-adapted threshold measured in blue-green light is more 
or less independent of direction. Measured in red light, or after light adapta- 
tion, the threshold was found to change 3 or 4 times over the range of direc- 
tions available (22° in air, presumably 18° in vitreous). The spectral sensitivity 
of the independent receptors was that of rhodopsin, the others were more red 
sensitive. 

The effect is perhaps less marked than might have been expected from 
Stiles’s results, nor is it symmetrical about the perpendicular to the retinal 
surface. But frog’s cones are very different from human in their geometry 
upon which the Stiles—Crawford effect probably depends. And it is so easy to 
deform the receptor layer by pressure that we have little confidence that cones 
are normally orientated in the neighbourhood of the microelectrode. 
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The submicroscopic structure of the cornea. By D. M. Maurice. 
Ophthalmological Research Unit, Institute of Ophthalmology, London, W.C.1 


The submicroscopic structure of the corneal stroma is of collagen fibrils running 
parallel to one another. This represents a perfect mixed body of the rodlet 
type, and accordingly it exhibits a textural birefringence. The value of this 
birefringence is determined by the percentage of collagen in the tissue and its 
hydration. Measurements on the retardation of the stroma indicate that the 
fibrils have a refractive index of 1-47, corresponding to a hydration of 55°, 
by volume, and lie in an interstitial fluid of index 1-34. This hydration does 
not alter when the cornea dries below its normal thickness or swells in water. 


A mechanism for the effect of hydrostatic pressure on biological 


systems. By R. J. Popotsxy*. Department of Physiology, University 
College London, W.C. 1 


Biological systems are able to differentiate between ions whose electrochemical 
properties in aqueous solution are very similar. The four ions, Cl-, Br~, NO,- 
and I-, form such a group of electrochemically related ions. However, there 
is a marked increase in +, the maximum isometric tension developed in a 
twitch of the frog sartorius muscle, when Cl- in the Ringer’s solution is sub- 
stituted by Br-, NO,~ and I-, respectively. The tetanic tension is unchanged 
by such replacements. The anions apparently act at the membrane rather than 
in the interior of the muscle fibres and influence the duration of the state of 
full contractile activity (Hill & Macpherson, 1954). Moderate hydrostatic 
pressures (<100 atm) also increase 7, reversibly, without affecting tetanic 


tension. At 80 atm, for example, the twitch in Cl Ringer is indistinguishable | 


from that in NO, Ringer at 1 atm. Furthermore, the characteristic dependence 
of r on temperature is similar in Cl Ringer at 80 atm and in NO, at 1 atm. 
A simple explanation of these phenomena is that hydrostatic pressure changes 
the state of hydration of the anions of this group, so that, say, hydrated Cl- 
at 80 atm is biologically equivalent to the hydrated NO,~ ion at 1 atm. 

It seemed desirable to test this hypothesis with another biological system 
capable of discriminating between these anions. Erythrocytes of the cat were 
chosen because the rate of efflux of sodium, in a buffered K*X- medium, 
decreases when the anions are substituted in the sequence Cl-, Br-, NO, and 
I~ (Davson, 1940). In analogy with the effect of hydrostatic pressure on the 
magnitude of 7 in muscle, at 80 atm and 25° C, the rate of sodium efflux from 
erythrocytes in a solution of KCl is reduced to that observed with the cells in 
a solution of KNO, at 1 atm. The possibility that this hydrostatic pressure was 
affecting something other than the anion hydration—such as the membrane 
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per se—seems unlikely, since the effect of pressure was insignificant when the 
anion associated with K* was either acetate, propionate or butyrate. 

These experiments, together with thermodynamic arguments, suggest that 
moderate hydrostatic pressure can increase the effective hydration shell 
associated with the halide anions and, furthermore, that processes influencing 
ion fluxes through membranes differentiate between anions according to 
subtle differences in the hydrated size. 

I would like to thank Dr D. R. Wilkie for his generous advice and for the use of the pressure 
apparatus that he developed, and Dr H. Davson for his helpful suggestions and co-operation 


in the erythrocyte experiments. 
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The effect of electrical stimulation of the hypothalamus on thyroid 
activity. By G. W. Harris and J. W. Woops_ 


Red cells and 5-hydroxytryptamine. By R. 8. Stacy. Department 
of Therapeutics, St Thomas’s Hospital Medical School, London 


A suspension of washed human red cells in Krebs—Ringer phosphate solution 
was incubated with 5-hydroxytryptamine (HT) creatinine sulphate at 37° C. 
At intervals, portions were centrifuged and the HT in the supernatant esti- 
mated by bioassay on the rat uterus or colorimetrically by a modification of 
the method of Udenfriend, Weissbach & Clark (1955). During the first 20- 
30 min there was a rapid fall in the HT concentration, but thereafter a steady 
state was reached. When the amount of added HT was varied so that the 
initial concentration in the supernatant ranged from 0-25 to 100ug/ml. the 
ratio of the initial and the equilibrium HT concentrations was constant. 
Change in temperature of incubation markedly affected the rate at which HT 
was lost from the suspension fluid, the loss in 15 min being 5 times as much 
at 37 as at 20° C. Iodoacetic acid (m/1000), sodium azide (M/1000) and sodium 
cyanide (m/1000) did not affect the rate of removal. 

Bain, Gaunt & Suffolk (1937) have shown that blood cells inactivate 
adrenaline on incubation, and that part of the lost adrenaline is recoverable 
from the cells. A suspension of red cells was therefore incubated with adrena- 
line (130¢/ml.) for 5 hr. It was then centrifuged, the supernatant discarded, 
the cells washed once with Krebs-Ringer phosphate, in which they were then 
resuspended and incubated with HT (60,g/ml.) for 2 hr. Parallel estimation 
by rat uterus, colorimetrically and by paper chromatography, showed a loss 
of HT in the supernatant similar to that caused by red cells which had not 
previously been exposed to adrenaline. 
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So far it has not been possible to recover HT quantitatively from red cells 
which have been incubated with it, but if it is present unchanged in the 
red cells the ratio of the concentrations within and without the cells is 
approximately 2-5: 1. The affinity of red cells for HT is therefore of a different 
order from the affinity of platelets for HT. These have been shown to absorb 
HT against a gradient of more than 170:1 (Hardisty & Stacey, 1955). 
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Tissue histamine and 5-hydroxytryptamine. By J. R. Parrarr and 
G. B. West. Department of Pharmacology, School of Pharmacy, University 
of London 

The histamine and 5-hydroxytryptamine (5-HT) contents of five tissues of the 
rat have been determined using as test organs the isolated atropinized rat 
uterus, rat colon and guinea-pig ileum, together with paper chromatographic 
studies using as solvents butyl alcohol-acetic acid-water and aqueous sodium 
chloride 8% (w/v) with 1°% (v/v) glacial acetic acid. The values obtained are 
shown in Table 1, together with an indication of the mast cell content of the 
material as judged from histological sections. It will be seen that the spleen 
contains no tissue mast cells yet it is rich in 5-HT. 


Tas_e 1. Histamine content (ug/g) of rat tissues compared with the 5-HT content (ug/g) 


and the relative mast cell content. 
Normal values Depletion (%) after 48/80 
Mast Mast 
Tissue Histamine 5-HT cells Histamine 5-HT cells 
41 1-0 +++ 96 75 90 
Skin of feet 40 0-7 +++ 95 70 90 
Abdominal skin 23 1-3 + + 88 67 wy) 
Groin 22 1-5 ++ 90 75 90 
Spleen 2 2-5 0 17 ll 0 


When repeated doses of compound 48/80 are given intraperitoneally over 
4 days to groups of five male rats (body weight 100-140 g), a total disruption 
of tissue mast cells and a maximal loss of histamine occurs in the ears and skin 
(Riley & West, 1955), together with a marked depletion of the tissue 5-HT. 
On the other hand, the losses in the spleen (where tissue mast cells are absent) 
are small, If the animals are left to recover, there is a simultaneous regenera- 
tion of mast cells and recovery of the histamine and 5-HT contents. Thus 
compound 48/80 disrupts tissue mast cells in the ears and skin of the rat and 
markedly depletes their histamine and 5-HT contents; the recovery or return 
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of the mast cells is accompanied by the reappearance of assayable histamine 
and 5-HT. This suggests that, at least in the skin of the rat, much of the 5HT 
as well as the histamine is held in tissue mast cells. A similar conclusion has 
been reached by Benditt, Wong, Arase & Roeper (1955) and by Bhattacharya 
& Lewis (1956) using different procedures. 
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The blood life-span of the lymphocyte in rabbits and rats. By 
B. C, Waater and J. G. Wippicomsg. The Microbiological Research 
Department, Mimstry of Supply, Porton, Wilts, and the Department of 
Physiology, St Bartholomew’s Hospital Medical College, London, E.C. 1 

If the output of lymphocytes from the lymphatic system into the blood is 

known, together with the total number of lymphocytes circulating in the 

blood, it is possible to calculate the blood life-span of the lymphocyte. Various 
lymphatic ducts have been cannulated and the output of lymphocytes 
measured, both in anaesthetized (pentobarbitone) rabbits and in survival 
experiments on unanaesthetized rabbits and rats. The blood lymphocyte 
count in rabbits was measured before operation and the blood volume taken 
as 60 ml./kg (Armin, Grant, Pels & Reeve, 1952). For rats, a blood volume of 

4-8 ml./100 g (small animals) and 4-5 ml./100 g (large animals) and a blood 

lymphocyte count of 7000/mm* were assumed (Farris & Griffith, 1949). 

Anaesthetized rabbits had an output of 3-3 x 10° cells/day from the thoracic 
duct. This agrees well with the results of Sanders, Florey & Barnes (1940). 
If lymph from the right lymphatic duct was first diverted to the thoracic duct, 
the lymphocyte output from the latter was 7-4 x 10° cells/day; under these 
conditions there was probably an increased lymphopoeisis, since the blood 
lymphocyte count averaged 7500 compared with 5200 for normal rabbits. 
The lymphocyte output from the right subclavian duct in unanaesthetized 
~ rabbits was 6-9 x 10° cells/day. Assuming that the left subclavian and the two 
cervical ducts have a similar cell output, the blood life-span of the rabbit 
lymphocyte cannot be greater than 2 hr. 

In experiments using unanaesthetized rats and collecting lymph from the 
abdominal thoracic duct or intestinal lymphatic, seven young animals (160-— 
180 g) had a lymphocyte output of 5-9 x 10° cells/100 g/day, whilst in five 
older rats (360-400 g) the lymphocyte output was 3-8 x 10° cells/100 g/day, 
a significantly lower output (P = <0-01). These figures give daily replacement 
factors of 17-8 and 12-3 respectively in the two groups. If the cervical, 
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subclavian and right lymphatic ducts contribute lymphocytes to the circula- 
tion as in the rabbit, then the life-span of the circulating rat lymphocyte is 
appreciably less than 1 hr. 
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Pulmonary vascular responses in an innervated isolated perfused 
left lung preparation. By I. pz Buren Daty. A.R.C. Institute of 
Animal Physiology, Babraham, Cambridge 


Morphinized dogs are exsanguinated through a femoral artery under local 
anaesthesia. The sternum of the dead animal is split in the mid-line and the 
thorax held widely open by hooks. The right lung is removed. The following 
vessels are ligated or occluded with Cushing clips: the venae cavae (close to the 
heart), the azygos vein at its dorsal limit, both internal mammary arteries, 
the right subclavian artery at its origin, the left subclavian artery peripheral 
to the costo-cervical trunk and both common carotid arteries at cricoid 
cartilage level. Branches of the costo-cervical artery to the sympathetic chain 
and left stellate ganglion are preserved. The left sympathetic chain at level T 6, 
the rami C7-8, T 1-6 and vertebral nerves are sectioned. A portion of the 
longus colli adjacent to the left stellate ganglion is undercut to free the 
ganglion from the chest wall. The descending aorta is ligated at level T7 and 
all intercostal arteries clipped where they reach the intercostal space. The 
bronchial artery usually from the 6th right intercostal artery is preserved. 
The oesophagus is removed, the broncho-oesophageal artery being preserved. 
All vessels peripheral to the ligatures or clips are transected. The ascending 
aorta proximal to the brachiocephalic artery is ligated or clamped. The trachea 
and vagi are transected just below cricoid cartilage level, and the trachea, 
lungs and aorta separated from their remaining attachments to the body for 
transfer to a Perspex tray. The operation is an extension of that described by 
Berry & Daly (1931). 

The reduced systemic circulation and pulmonary circulation are perfused 
with autologous blood by conventional methods as described by Daly, 
Eggleton, Hebb, Linzell & Trowell (1954). To prevent the accumulation of 

“vasotonins’ in the slow-moving systemic circulation, several small systemic 
arteries are left open to ensure a rapid displacement of blood in the systemic 
circulation. 

The pulmonary vascular resistance (P.v.R.) was 3-4 times that reported for 
normal dogs. Stimulation of the cervical or thoracic vagosympathetic nerves 
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in non-atropinized preparations caused an increased lung hindrance to ventila- 
tion. Stimulation of the sympathetic pathway to the lungs in nine experiments 
increased the P.v.n. by 18-76% (mean=40); these responses occurred when 
the systemic pump was temporarily switched off, in the absence of any change 
in lung hindrance and after the addition of atropine sulphate to the blood, 
giving a concentration of 1 in 50,000. 

It is concluded that observed P.v.R. responses to sympathetic nerve 
stimulation are not due to bronchomotor or bronchial vascular events passively 
affecting the pulmonary vascular bed. 
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The determination of the velocity constant of the reaction 
Hb,(CO), + CO Hb,(CO), by a photochemical method. By Q. H. 
Gipson. Department of Biochemistry, Unwersity of Sheffield 

Although the earliest determination of the rate of a reaction involving 

haemoglobin was made by a photochemical method (Hartridge & Roughton, 

1923), using the photosensitivity of carboxyhaemoglobin, the method has 

been limited to cases in which the carbon monoxide displaced photochemically 

was replaced at once by some other molecule able to combine with haemo- 
globin. By using the intense light available from electronic flash discharge 
tubes to bring about photolysis (Norrish & Porter, 1954), this limitation is 
avoided and carboxyhaemoglobin may be caused to dissociate into reduced 
haemoglobin and CO. The flash lasts about 0-2—0-3 msec, and the recombina- 
tion reaction in the dark may be followed for as long as desired afterwards. 
The flash method has been used to study the simple case of myoglobin 
combining with CO, and has been compared with the stopped-flow method of 
Gibson (1954). With haemoglobin it is possible, by varying the intensity of the 
flash, to produce mixtures of intermediate compounds containing varying 
numbers of CO molecules, and to study the kinetics of their combination 
with CO. In particular, when the proportion of carboxyhaemoglobin broken 
down is small, the chief intermediate formed is Hb,(CO),. It has now been 
found, by direct observation, that the fourth molecule of CO to combine with 
mammalian haemoglobin does so about sixty times faster than the first. This 
observation confirms the indirect estimate already given by Gibson & Roughton 

(1955) and offers ready evidence of the existence of intermediate compounds 

in the combination of haemoglobin with gases. 


This work has been aided by grants from the Medical Research Council and the Research 
fund of the University of Sheffield. 
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Sedimentation of adrenal medullary granules in hypertonicsucrose. 
By H. Biascuxo, G. V. R. Born, A. D’Iorio and N. R. Eapg. Department 
of Pharmacology and Nuffield Institute for Medical Research, University of 
Oxford 

The ‘large granule fraction’ obtained from homogenates of bovine adrenal 

medulla in 0-3 m-sucrose can be subdivided into a ‘top’ and a ‘bottom’ layer; 

the bottom layer contains granules very rich in catechol amines (Blaschko, 

Hagen & Welch, 1955). The high concentration of ATP in adrenal medulla, 

described by Hégberg, Hillarp & Nilsson (1955), has recently been shown to 

be due to its presence in extremely large amounts in the bottom layer 

(Blaschko, Born, D’Iorio & Eade, 1956); the molar ratio adrenaline: ATP 

varied from 3-4 to 11-5. 

Granules rich in both ATP and catechol amines have now been separated 
by a different method. The large granule fraction was prepared and re- 
suspended in 0-3m-sucrose; this suspension was layered over a 1-5m-sucrose 
solution in a centrifuge tube. The tube was spun for 1 hr at 142,000 times g in 
a Spinco preparative ultracentrifuge fitted with a swing-out head (SW 39). 
At the end of the run some of the granules had accumulated at the boundary 
between the two sucrose solutions, but there was also a sediment at the bottom 
of the tube. This sediment was rich in both ATP and amines; in two experi- 
ments the molar ratio adrenaline: ATP was 8-9 and 12-0 respectively. These 
figures are similar to those found in the bottom layer in our earlier experiments. 

The procedure here adopted appears to give a sediment that contains only 
the granules of the bottom layer; the separation of the two layers is probably 
due to differences in density. 


We are grateful to Dr W. D. McElroy for the firefly material used in the ATP determinations. 
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KCl-contractures of the frog’s heart and their modification by Ca. 

By R. Nrepercerxe. Department of Biophysics, University College 
London, W.C. 1 

Tension and surface potentials of strips of frog’s ventricle were recorded during 
a contracture produced by Ringer’s solution containing increased K (sub- 
stituted for Na). The time course of the contracture is similar to that of the 
rectus abdominis muscle, that is, the tension rises to a plateau which is 
followed by a fairly slow decline. Reapplication of normal Ringer causes 
immediate relaxation. 

The form of this contracture is drastically changed by varying the Ca 
concentration of the solutions employed. Thus, for a given K concentration 
high Ca increases contracture tension and the rate at which it develops, and 
it decreases the rate of relaxation. The changes produced by Ca are not 
associated with any significant alterations in the time course or amount of 
depolarization. 

In studying these phenomena it was necessary to obtain reproducible con- 
tractures. This was done by controlling two otherwise disturbing factors: 
(a) by keeping constant the rate of preceding stimulation which affects the 
amplitude and rate of rise of a contracture in a similar way to the propagated 
twitch (‘staircase’), and (b) by using oxygenated Ringer, which helps to 
maintain the plateau of the contracture. 

The effects produced by Ca suggest that depolarization, in this case caused 
by excess K, is only the first step initiating contractile activity. A second step 
depends on the presence and bath concentration of Ca. 


Some factors which affect the ‘metaplasia’ of an amoeba. By E. N. 
Witmer. Physiological Laboratory, Cambridge 


It is well known that certain amoebae, when placed in water, can acquire 
flagella and become superficially indistinguishable from free-swimming flagel- 
lates (Schaudinn, 1896). 

Experiments have been made to determine some of the factors which may 
be involved in this ‘metaplasia’, in the belief that the mechanism of the change 
may have an important bearing on certain processes of differentiation and 
metaplasia as these occur in higher animals. 

Amoebae (Naegleria gruberi, from the Cambridge Botany School Type 
Collection, 1518/1) have been cultured on agar-meat-extract slopes and then 
transferred in suitable numbers to distilled water to which varying quantities 
of electrolytes and non-electrolytes have been added. Observations have then 
been made on the numbers of amoebae which become flagellate in a given time 
(6 hr). 
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It is clear from these experiments that the change of osmotic pressure from 
culture medium to experimental solution is not in itself the effective cause of 
flagellum formation. Glucose, sucrose and urea have very little differential 
effect on the two forms of cell activity, amoeboid or flagellate. They suppress 
both about equally at concentrations around m/5. If anything, the sugar 
solutions tend to increase the numbers of flagellates formed, as com- 
pared with distilled water. On the other hand, solutions of KCl, NaCl, CaCl,, 
LiCl and MgCl, tend to suppress the change to the flagellate form, with in- 
creasing effect in that order. MgCl, suppresses the flagellate form completely 
at m/640; though some amoebae remain actively mobile at m/15. This effect of 
magnesium is partly offset by the simultaneous presence of calcium. 

Dilute solutions (less than about m/100) of NaHCO,, of Na,HPO, and 
NaH,PO, mixtures, and of sodium lactate favour the production of flagellates, 
as compared with water. While there is generally an optimum pH (about 
8-0 for bicarbonate buffers and about 7-0 for phosphate buffers) at which the 
flagellates are most numerous, the hydrogen-ion concentration is not the 
main determining factor. 

Choline, tetramethyl-ammonium and tetraethyl-ammonium have a selective 
depressing action on flagellum formation, which is rather greater than that of 
NaCl. Pentamethonium, hexamethonium and decamethonium exert a very 
large differential action. They do not cause the amoeboid form to round up in 
concentrations as high as m/10, but no flagellates appear in concentrations 


higher than m/320. 
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The response of the blood vessels of the human calf to increases 
in transmural pressure. By D. R. Cores, B. 8. L. Kipp and 
G. C. Parrerson. Department of Physiology, The Queen’s University of 
Belfast 
One leg was enclosed in a box the pressure in which could be lowered in a few 
seconds to 50, 100, 150 and 200 mm Hg below atmospheric. The other leg 
served as a control. The blood flow in both calves was measured plethysmo- 
graphically before and after suctions lasting 30 or 60 sec. The flow in the calf 
was not significantly altered following exposure to —50 mm Hg. During the 
first minute after exposure to — 100, —150 and —200 mm Hg, the flow in the 
calf fell substantially below that of the control side. There was no evidence of 
the large increase in flow sometimes seen in the forearm (Greenfield & Patterson, 
1954) after exposure to — 150 and —200 mm Hg. 
It is suggested that following moderate increases in transmural pressure 
caused by the exposure of the leg to —50 mm Hg, there is little alteration in 
the calibre of the resistance vessels of the calf, and that there is a local vaso- 
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constriction following the increases in the transmural pressure caused by 
exposure to —100, —150 and —200 mm Hg. 

The resistance vessels of the calf appear to have a greater ability to with- 
stand large increases in transmural pressure than those of the forearm. 

The expenses of this investigation were, in part, defrayed by a grant from the Trustees of the 
Sir Halley Stewart Fund. D. R. Coles holds a Medical Research Council Fellowship in Clinical 
REFERENCE 
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The effect of heating the legs and of posture on the blood flow 
through the muscle and skin of the human forearm. By 
I. C. Ropprs, J. T. and R. F. Department of Physio- 
logy, The Queen’s University of Belfast 
The oxygen saturation of blood samples from a superficial vein (draining 
mainly skin) and a deep vein (draining mainly muscle) of one forearm was 
determined by a spectrophotometric method (Roddie, Shepherd & Whelan, 
1956). The blood flow through the other forearm was measured simultaneously 
by venous occlusion plethysmography. Release of sympathetic tone was 
carried out by immersing the feet and calves in water at 44°C (Gibbon & 
Landis, 1932). | 

Experiments were carried out on two subjects. The oxygen saturation of the 
blood draining the skin rose from 55 to 98-100 % saturation, and this paralleled 
the increase in flow in the opposite forearm. The blood returning from the 
muscle showed no significant change. This demonstrates that the increase in 
forearm blood flow with heating is due solely to a dilatation of skin vessels 
and confirms the findings of Barcroft, Bock, Hensel & Kitchen (1955) and 
Edholm, Fox & Macpherson (1956). 

When the blood flow had reached a steady level the feet and legs were 
elevated. There was a further increase in forearm flow, and this was accom- 
panied by an increase in the oxygen saturation of the muscle blood (44-60% 
and 48-77 %). There was no change in that draining the skin. This confirms the 
findings of Roddie & Shepherd (1956) that the increase in forearm flow in 
response to changes in posture is due to muscle vasodilatation. 

The vasomotor nerve supply to forearm skin and that to forearm muscle are 
thus functionally independent, the former being active in body temperature 
regulation and the latter responding to postural changes. 
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Influence of the orbital cortex on the changes in blood pressure 
produced by heating the carotid blood. By P. P. Newman and 
J. H. Woxstenororr. Department of Physiology, School of Medicine, 
University of Leeds 
In experiments which were concerned with the influence of the cerebral 
cortex on temperature regulation in cats under sodium pentobarbital 
anaesthesia, the carotid blood was heated by enclosing both common carotid 
arteries in Perspex chambers through which circulated a stream of heated 
saline. As an alternative method the carotid blood was passed through a 
glass coil heated in a water-bath. The temperature of the brain in the im- 
mediate neighbourhood of the hypothalamus was recorded by a thermocouple 
inserted into its substance. As the carotid blood was warmed a slow rise in 
brain temperature was observed. The arterial blood pressure was unchanged 
until a critical temperature was reached, usually between 41 and 42-5° C. 
At this point a fall in blood pressure of 40-70 mm Hg occurred with little or 
no change in heart rate until the blood pressure had fallen to a low level. 


When heating was discontinued, the blood pressure returned to its original | 


level. This response could be reproduced consistently, and so it was possible 
to investigate factors which might modify it. 

After bilateral section of the carotid sinus nerves or of the vagi in the neck, 
heating the carotid blood still caused a fall in blood pressure. The response, 
however, could be delayed or prevented by electrical stimulation, using silver- 
wire electrodes applied to the surface of the posterior orbital gyrus. With weak 
stimuli, well below the threshold for the motor cortex, there was no effect on 
the normal blood pressure or on the blood pressure during the time taken to 
raise the brain temperature to the critical level. Effects were not observed 
when the electrodes were placed on other parts of the orbital surface. It is 
suggested that a limited area of the orbital surface of the frontal lobe may 
have an inhibitory influence on blood-pressure changes produced by heating 
the carotid blood in the cat. 


Specific activity of carbon dioxide in arterial and venous blood 
following injection of “C-labelled glucose. By R. V. Coxon and 
R. J. Rosrnson. University Laboratory of Physiology, Oxford 
The time course of oxidation of “C-labelled materials in whole animals has 
often been studied by serial determinations of the radioactivity of their 
expired carbon dioxide (cf. Feller, Chaikoff, Strisower & Searle, 1951). We 
have attempted, by extending this approach, to assess the relative contribu- 
tion of particular regions to this overall metabolism by measuring the specific 
activity of the carbon dioxide in the blood entering and leaving them. Such 
measurements have been carried out on the hind limbs of intact dogs under 
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pentobarbitone anaesthesia, after the intravenous injection of 2uc/kg of 
uniformly labelled “C glucose. One set of observations is graphically recorded 
in Fig. 1. ‘ 
During the first 24 hr after “C glucose injection the specific activity of 
femoral venous blood CO, is considerably less than that of arterial CO,. This 
gain of “CO, by the limb is explained if glucose is being broken down to “CO, 
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Time in minutes after injection 
Fig. 1. Specific activity of carbon dioxide of arterial blood (@), femoral venous blood (0), and 
expired air ( x ) after injection of 20 uo uniformly labelled glucose in 11 kg dog. 
relatively rapidly elsewhere in the body, and the arterial “CO,, thus derived, 
is coming into isotopic equilibrium with that in the tissues of the limb during 
this period (cf. Kornberg & Krebs, 1952). Such equilibration has been shown 
to take place after “C bicarbonate injection in dogs. 
Similar though less complete results have been observed after injection of 
a-4C lactate in dogs and cats. 
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Trigeminomimetic action of iris extracts in rabbits. By N. AMBacue. 
Ophthalmological Research Unit, M.R.C., Judd St., London, W.C. 1 


Irin from rabbit iris extracts was described previously (Ambache, 1955). 
Intraocular injections of such extracts (through self-sealing corneal tracks) 
induce prolonged, atropine-resistant, meioses mimicking the antidromic effect 
of the trigeminal nerve studied by Maurice (1953). To ensure lasting a 

pinization rabbits were selected free of atropinesterase; they received I.v. 
3-12 mg/kg atropine SO,, 500-1000 i.u. heparin, and pentobarbitone. Three 
batches of extract (in aq. dist.) were previously defatted with 1 vol. ether, and 
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purified with 20 vol. acetone; the acetone-soluble fraction, evaporated dry, was 
dissolved in de Jalon’s fluid, or in rabbit aqueous humour (Aq.H.). [rin dosage 
is expressed in ‘mg equivalents’ of tissue originally extracted; meiosis was 
obtained in five experiments with 4, 5, 23-5, 35, 35 and 37-5 ‘mg’. The figure 
_ shows at B (right) the effect of 0-07 ml. irin in Aq.H. (=35 mg), (lasting 
> 37 min); at A (left, control), 0-07 ml. Aq.H.; B was photographed 7-5 and 
A 9-5 min after injections which were 1 min apart. 2 days later, the same 
rabbit was reatropinized and decerebrated: at C, the right pupil 2 min before, 
and at D 2 min after, rubbing the trigeminal nerve. _ 


Irin behaves as an acid on paper electrophoresis and in chloroform-water 
partition. It is enhanced by atropine 10-* and not blocked by 2x10-° 
morphine (rat colon). An irin-like substance is found (a) in conjunctiva, 
(b) in rabbit’s aqueous humour after paracentesis. 
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The effects of intraventricular injections of d-lysergic acid diethy! - 
amide (LSD25) and 5-hydroxytryptamine (serotonin) on the 
electrical activity of the brain of the conscious cat. By 
P. B. Brapiey and A. J. Hance. Department of Experimental Psychiatry, 
Medical School, Birmingham, 15 

The effects of drugs injected intraperitoneally or intraventricularly (Feldberg 

& Sherwood, 1953) on the electrical activity of the brain have been studied in 

cats with implanted electrodes (Bradley & Elkes, 1953a). 
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The effects of intraperitoneal injections of LSD 25 (20-25 g/kg) have been 
described (Bradley & Elkes, 19536). The same drug injected intraventricularly 
in doses of 100-200 ug produced high-amplitude rhythmic activity at 4-7 c/s 
(Fig. 1), which was only transitorily blocked by sensory stimuli. The immediate 
effects of the drug included licking movements, twitching of the ears and 
increased restlessness. The animals later became retarded. 


500 
oat Normal conscious cat, arousal 7 min, after 100 wg L.S.0. 25, intraventricular 


Fig. 1. The arrow S indicates the application of a sensory stimulus. 


The effects on behaviour of intraventricular injections of serotonin (200- 
250g) were similar to those described by Feldberg & Sherwood (1954), and 
the electrical activity showed an increase in slow rhythms which still responded 
to sensory stimuli. An intraperitoneal injection of LSD 25 failed to antagonize 
the effects of serotonin, but the combination of these two drugs, irrespective 
of the order in which they were given, produced an electrical pattern similar 
to that seen with LSD 25 alone when given intraventricularly, namely, high- 
amplitude rhythmic activity at 4-7 c/s. 

Brom-lysergic acid diethylamide, a powerful inhibitor of serotonin (Konzett, 
1956), but lacking the psychological effects of LSD 25, produced mild sedation 
when given intraventricularly or intraperitoneally in equivalent doses; the 
electrical activity showed an increase in slow activity. There was no sign of the 
fast electrical activity or alerting of behaviour seen with intraperitoneal 
injections of LSD25 (Bradley & Elkes, 19535), even when doses of up to 
100 g/kg of brom-LSD were used. 

The effects on electrical activity peculiar to LSD25 may therefore be 
related to its psychological effects. The results also suggest a possible synergism 
between the central effects of LSD 25 and 5-hydroxytryptamine. 
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Carbaminoylicholine, superior cervical 
ganglion (perfused) responses affected | 
by (cat), 535 
Carboxyhaemoglobin, velocity constant j 


, foetal membranes containing 
(rat), 482 
post-partum uterine loss of (rat), 502 
and lactation effect on mam- 
mary gland (rat), 476 
uterine distribution in pregnancy of (rat), 
492 
Cornea, acoustic analogue showing struc- 
tural basis of transparency of, T, 30 P 
submicroscopic structure of, 38 P 
Curare, end-plate potential affected by 
(cat), 75 
miniature end-plate potentials affected by 
(cat), 62 
Cutaneous nerve, vasomotor and sudo- 
motor effects of block of motor nerves 
and of (man), 66P 
Cyanide, erythrocyte sodium transfer 
affected by (tortoise), 430 
Dekatron counter, electronic gate for use 
with, T, 33P 
reflex, medullated and non- 
medullated fibres in aortic nerve con- 
cerned in (rabbit), 187 
Detergent, peptic activity in gastric juice 
by Hunt method affected by, 69P 
Direct current, touch receptor 
in skin affected by (frog), 49 
Ductus arteriosus, dilatation after con- 
striction of (sheep), 329 
oxygen and asphyxia effect on closure in 
newborn of (sheep), 304 
Duodenum, pacemaking area of (dog), 100 
of (rat), 202 


tubocurarine to single, T, 32 P 
— potential, factors affecting (cat), 


» 5-hydroxytryptami and 
(man), 39P 
hydrostatic pressure effect on Na efflux of 
(cat), 38P 
phosphorus transfer rate into and out of 
(rat), 10 
sodium transfer in (tortoise), 414 
Exercise, blood catechol content affected by 
(horse), 544 
Eye, compensatory rolling movements of 
(man), 25P 


Fatigue, effects of, on electrical activity of 
human muscle (T) 21P 

force and integrated electrical activity 

— in muscle affected by (man), 


SUBJECT INDEX 


‘Feeding centre’, sen action on 
electrical activity of (cat), 358 
Fluorescein, blood-aqueous barrier and 
transfer of (rabbit), 55 P 
Foetal membranes, physical properties 
and collagen and hexosamine contents 


glucose transfer to mother from (monkey), 
298 


urine collection from (sheep), T, 3P 
Foot blood flow, body temperature increase 
in chronic spinal man effect on, 11 P 
Forearm blood flow, adrenaline action on 
blood lactate and (man), 372 


motor nerve block effect on (man), 65 P 
nerve block effect on (man), 16P 
Fructose, 


placental transfer of (man and monkey), 
295 


Gastric motility, vago-vagal reflex effects 

on (cat), 54P 

Gastric pouch, motor and secretory inhibi- 
tion of duodenal origin of (dog), 67 P 

G.F.R., hypertonic infusions effect on (dog), 
213 


Giant axon, metabolic inhibitors effects on 
phosphate esters of (squid), 35.P 

Glucose, placental transfer of (man and 
monkey), 293 

Glucose reabsorption, hypertonic in- 
fusions effect on renal (dog), 213 

Gonadotrophic hormone, adrenaline and 
acid injection into hypothalamus 
liberating (rabbit), 577 

Group II afferent volleys, supraspinal 
influence on central effects of (cat), 
59P 

Guinea-pig, blood volume of, 469 


Haidinger effect, measurement and clinical 
use of, T, 53P 
Heart-ductus arteriosus preparation, 
oxygen saturation effect on (lamb), 314 
Heart, KCl-contracture and modification 
by Ca of (frog), 45P 
transfer rate into and out of 


(turtle), 157 


3 changes in pregnancy in (rat), 482 
| Foetal movements (man), Film, 5P 

Foetus, blood fructose species variation in 
(mammal), 146 
intravenous pitressin action on blood 
lactate and (man), 10P 
| leg heating and posture effect on (man), 
46P 
(mammal), 146 
1 (rat), 10 

potassium effect on action potential of 


SUBJECT INDEX 


Hexamethonium, ACh action on 
cervical ganglion affected by (rabbit), 


251 
hypogastric-nerve-uterus preparation 
affected by (rabbit), 96 


High heels, electrical activity in leg muscles 
Histamine, cerebellum electrical activity 
affected by (rabbit), 401 
hepatic vessels in perfused liver affected 
by (mammal), 516 


oxygen utilization by perfused liver 
affected by (dog), 525 
superior cervical i (perfused ) 


® responses affected by (cat), 530 

Horner's syndrome, light-induced oestrus 
affected by (ferret), 124 

Hot environment, natural and artificial 
acclimatization to (man), 559 

Hydrochloric acid, gastric emptying time 
affected by test meal containing (man), 
272 

Hydrostatic pressure, mechanism for 


, Botulinum toxin and 


674 
brain electrical activity in conscious 
animal affected by intraventricular 
injection of (cat), 50P 
erythrocytes and (man), 39 P 
superior cervical ganglion (perfused) 
responses affected by (cat), 530 
tissue histamine and (rat), 40 P 
Hyperpolarization, end-plate potential 
affected by (cat), 88 
Hypertension, baroceptor activity in, T, 
19P 


infusions, G.F.R. and glucose 
reabsorption affected by (dog), 213 
Hypogastric-nerve-uterus preparation, 
reactions of (rabbit), 92 
Hypothalamus, amphetamine action on 
electrical activity of (cat), 358 
oestrus in winter following lesions in 
(ferret), 57P 
ovulation effected by adrenaline and acid 
injection into (rabbit), 577 
thyroid activity affected by electrical 
stimulation of, T, 39P 
» reanimation by a simple 
method from ice-cold (mouse and rat), 
406 


Insensible perspiration, 
trolling (man), 227 


factors con- 


XxVii 


Tatestine, temperature effect on water 
transfer by in vitro preparation of (rat), 

Intracardiac pressure, measurement by 
modified bronchoscope of (dog), 24 P 

Intracellular recording, extracellular re- 
cording at myoneural junction com- 
parison with (frog), 630 

Iodide, placental transfer of (mammal), 365 

Iodoacetate, erythrocyte sodium transfer 
affected by (tortoise), 430 

Iridocytes, light absorption by (frog), 262 

Iris, light sensitivity of (frog), 257 


effect on load-velocity ratio in, T, 33 P 


Jejunum, duodenal pacemaking area effect 
on (dog), 110 

Joint blood vessels, responses of (dog), 
63P 


Kidney, hypertonic infusions effect on 
functions of (dog), 213 
phosphorus transfer rate into and out of 
(rat), 10 
vasopressin inactivation by homogenate 
of (rat), 205 
Knee joint, blood flow to (dog), 379 
Lactation, mammary gland con- 
tent affected by (rat), 476 
Light-induced oestrus, sympathectomy 
effect on (ferret), 124 
Liver, adrenaline, noradrenaline, acetyl- 
choline and histamine action on per- 
fused (mammal), 509 
biliary exception by isolated perfused 
(dog), 6P 
oxygen utilization by perfused (dog), 522 
phosphorus transfer rate into and out of . 
(rat), 10 
of (rat), 202 
Lymphatic system, lymphocyte output 
from (rabbit), 384 
Lymphocyte, blood life-span of (rat and 
rabbit), 41 P 
daily output of (rabbit), 385 
Lysergic acid diethylamide, brain 
electrical activity in conscious animal 
affected by intra-ventricular injection 
of (cat), 50P 


Magnesium, 
tials affected by (cat), 68 


poten- 


Hexosamine, pregnancy effect on foetal ; 
membranes (rat), 482 
(rabbit), 48 P 

Isolated innervated perfused lung, pul- 
monary vascular responses in (dog), 42 P 

Isotonic contraction, hypertonic solution 
effect on biological systems of (cat), ) 

38 P 


Mammary gland, and lactation 
effect on collagen content of (rat), 476 

Menstrual sug uterine contractions 
during (man), 553 

Meso-inositol, microbiological detection 
and determination of, 4P 

Miniatufe end-plate potentials, charac. 
teristics of (cat), 62; (rat), 649 

intra-and extra-cellular recording of (frog), 

630 | 

Monosynaptic reflex activity , presynaptic 
localization of depression following, 
61P 

Morphine, blood catechols affected by 


tetanic potentiation of, T, 53 P 
Motoneurone pool excitability , variations 
in, 59P 
Motor cortex, tubocurarine (intravent- 
ricular) effect on electrical activity of 
(cat), 132 
Motor nerve, vasomotor and sudomotor 
effects of block of cutaneous nerves and 
of (man), 66P 
Multi-channel stimulator, T, 53 P 
Muscle, effect of nitrate on the electronic 
potential of (T), 32P 
frog, a class experiment for determining 
the tension-length relationships of (T), 
5P 
human, effects of fatigue on electrical 
activity of (T), 21P 
Muscular control, sensitive accelero- 
meters for work on, 9P 


Neuromuscular junctions, end-plate 
potentials at (cat), 74 
localization of active spots within (frog), 
629 
spontaneous activity of (rat), 649 
spontaneous sub-threshold activity at 
(cat), 61 
Neuromuscular response, prior instruc- 
tion effect on apparently involuntary 
(man), 17P 
Neuromuscular transmitter, slow fibre 
membrane affected by (frog), 599 
Nitrate, effect of, on the electronic poten- 
tial of muscle (T), 32P 
Noradrenaline, ductus arteriosus in foetus 
affected by (sheep), 324 
hepatic vessels in perfused liver affected 


ganglion re- 
sponses affected by (cat), 536 

sweating relation to content in blood of 

(horse), 542 


SUBJECT INDEX 


touch receptor response in skin affected 
by (frog), 46 
Occlusion, direct inhibitory pathway 


showing (cat), 60 
Ocesophagus, extrinsic neural control 
during swallowing of (rat), 13P 
Oestrus, hypothalamic lesions in winter 
inducing (ferret), 57 P 
thectomy effect on light-induced 
(ferret), 123 
Orbital cortex, carotid blood 
action on blood pressure affected by 
(cat), 47P 
Oscilloscope, cathode followers and inter- 
changeable preamplifiers for use with, 
T, 32P 
Osmoreceptors, gastric emptying time 
affected by (man), 267 
Ovulation, adrenaline and acid injection 
into hypothalamuseffect on (rabbit), 577 
uterine contractions influenced by (man), 
555 
Oxygen, ductus arteriosus in mature foetus 
affected by (sheep), 308 


Pacinian corpuscle, mechanical properties 

of, 23P 
perfusion of (cat), 27P 

Pancreas slices, pancreozymin actions on 

(pigeon), 442 
» pancreas slices affected by 

(pigeon), 442 

Parturition, uterine collagen loss following 
(rat), 502 

Pentobarbitone, G.F.R. and glucose re- 
absorption affected by (dog), 218 


into (pigeon), 
Phosphorus, transfer rates of (rat), | 
Pick-up unit and amplifier, for ballisto- 

cardiographic table, T, 53 P 
Pilocarpine, superior cervical ganglion 

“—o" responses affected by (cat), 


Pitressin, forearm blood flow and blood 
lactate affected by intravenous (man), 
10P 

Placenta, hexoses transmission across (man 

- lodide transport across (mammal), 365 

sugars passage across (man), T, 12 P 


XXVill 

(horse), 549 

Motoneurone, activation during post- | 
Perfusion pumps, all-plastic, 32 P 
: pH, acetylcholine synthesis affected by 

Phenol red, gastric emptying time affected 

by (man), 269 

Phospholipids, pancreozymin effect on 
‘incorporation in pancreas slices of ™P 


SUBJECT INDEX 


Plasma, adrenaline and noradrenaline con- 
tent in (horse), 543 

Plasma potassium, salivary secretion of 
potassium affected by (dog), 33 

Plasma thromboplastin, isolation and 
properties of (man and cow), 164 

Portal vein, adrenaline and other drugs 
action in perfused liver on (mammal), 


high heels effect on electrical activity of 
leg muscles in (man), 465 
diffusing capacity affected by 
(man), 232 
__ renaladjustments to change in (man), 61P 
Po cardiac action potential affected 
by (turtle), 157 
erythrocyte sodium transfer affected by 
concentration of (tortoise), 424 
gastric emptying time affected by test 
meal containing (man), 274 
salivary secretion of (cat and dog), 20 
slow fibre membrane h 


and hexos- 
amine contents during (rat), 482 

mammary gland collagen content affected 
by (rat), 476 

uterine collagen distribution during (rat), 
492 


a 


by (dog), 109 

Prostigmine, end-plate potential affected 
by (cat), 79 

miniature affected by 

(cat), 66 3 (frog), 643 ; (rat), 651 

Protein, vasopressin binding by (rat), 202 

Pulmonary circulation time, serial 
measurements of cardiac output, blood 
volume and (cat), 5P 


continuous measurement of (dog), T 
23P 

Pulse rate, acclimatization to heat effect on 
(man), 563 

Pupil size, iris light sensitivity affected by 
(frog), 263 


Quinidine, isolated auricle refractory period 
affected by (guinea-pig and rabbit), 623 


Radioactive iodide, foetal/maternal dis- 
tribution of (mammal), 367 


xxix 

Radioactive silver iodide, movement of 
solid particles up respiratory tract 
measurement by use of, T, 53 P 

Radioactive sugars, placental transfer of 
(monkey), 297 

Reanimation, simple method for (mouse 
and rat), 406 

Rectal temperature, acclimatization to 
heat effect on (man), 563 

Refractory period, isolated auricle (guinea- 
pig and rabbit), 610 

Renal blood content, age effect on (rabbit), 
13P 

Respiration, aortic and carotid sinus 
nerves stimulation at varied intensity 
and frequency effect on (cat), 174 

Respiratory alkalosis, extrarenal buf- 
fering of acute (man), T, 63 P 

Retina, Stiles-Crawford effect in (frog), 
37P 


Saliva, potassium secretion into (cat and 

dog), 20 
gland, stimulation effect on Na 

and K contents of (dog), 27 

Salivary secretion, potassium concentra- 
tion affected by rate of (cat and dog), 
22 

Semi-microrespirometer, T, 32 P 

Sensory cortex, tubocurarine (intra; 
ventricular) effect on electrical activity 
of (cat), 135 


determining 
electrical propertios of membrane of slow 
(frog), 586 


membrane potential and spontaneous 
activity in calcium-deficient (frog), 12 P 
nitrate effect on electronic potential of, 

T, 32P 
rus transfer rate into and out of 


Skin, phosphorus transfer into and out of 


water vapour diffusion through (man), 225 


effect on (man), 563 


512 
Posture, forearm blood flow affected by 4 
(man), 46P 4 
Pregnancy, foetal/maternal ™'I ratios in 4 
(mammal), 367 
ee Skeletal muscle, class experiment for : 
(man), T, 21P 
force and integrated electrical activity 
relation in (man), 676 
Pulmonary diffusing capacity, posture . 
effect on (man), 232 
Pulmonary lobar blood flow, method for 4 
(rat), 10 
Skin blood flow, cutaneous anaesthesia : 
effect on (man), 15P | 
(rat), 10 , 
sympathetic stimulation effect on touch | 
receptor response in (frog), 40 7 
affected by 
(man), 119 


xxx 


SUBJECT INDEX 


Slow fibre membrane, neuromuscular 


transmitter action on (frog), 599 
rectifying properties of (frog), 592 
Slow muscle, electrical properties of 
membrane of (frog), 586 
Small-nerve junctional potential, electro- 
(frog), 590 
membrane potential variation effect on 
(frog), 599 
Sodium, erythrocytes and transfer of 
(tortoise), 414 
gastric emptying time affected by test 
meal containing (man), 274 
sweat containing (man), 115 
Soleus muscle, high heels effect on 
electrical activity in (man), 465 
Sorbitol, gastric emptying time affected 
by test meal containing (man), 278 
Spinal cord, methods for investigating 
activity of, T, 25P 
splanchnic-evoked potentials distribution 


Stellate ganglionectomy, light-induced 
oestrus affected by (ferret), 124 

Stimulator, simple general purpose, 21 P 

Stomach, factors affecting emptying time 
of (man), 271 

Subclavian lymph, protein content of 
(rabbit), 388 

Sucrose, gastric emptying time affected by 
(man), 271 

Superior cervical ganglion, ACh and other 
drugs action on (rat and rabbit), 242 


through 
survival at — 79° C of (rat), T, 24P 
Swallowing, oesophageal extrinsic neural 
control during (rat), 13P 
Sweat, sodium concentration in (man), 
115 
Sweating, acclimatization to heat effect on 
tate of (man), 562 
blood catechol content 
(horse), 542 
Sweat rate, body temperature when heat 
loss is small relation to (man), 17P 
Sympathetic ganglion, temperature effect 
on ACh output by (cat), 239 
Sympathetic nerve stimulation, skin 


relation with 


superior 
cervical ganglion affected by (rabbit), 
250 


ACh output from sympathetic ganglion 
affected by (cat), 239 

anaphylaxis inhibition by raised (guinea- 
pig), 30P 

duodenal 


(dog), 107 
end-plate potential affected by (cat), 79 
isolated auricle refractory period affected 
by (guinea-pig and rabbit), 618 
knee joint blood flow affected by (dog), 379 
miniature end- ~— potentials affected by 
(cat), 64; (rat), 654 
salivary secretion of potassium affected 


tials affected by 


Thromboplastin, isolation from plasma of 
(man and cows), 164 

Tissue histamine, 5-hydroxytryptamine 
and (rat), 40P 

Tolazoline, h ic-nerve-uterus pre- 
paration affected by (rabbit), 94 

T 1824, blood volume measurement by 
(guinea-pig), 469 

Touch-receptor, sympathetic stimulation 
effect on response in skin of (frog), 40 

Tubocurarine, ACh action on 
cervical ganglion affected by (rabbit), 
251 

electrical activity of brain after intra- 

ventricular injection of (cat), 130 
(rat), 651 


Underventilation, ductus arteriosus in new 
born affected by (sheep), 319 
Ungulates, foetal blood fructose in (mam- 
mal), 149 
Urea, gastric emptying time affected by 
test meal containing (man), 277 
Urine flow, posture changes effect on (man), 
61P 
rine, phosphorus transfer rate into (rat), 
10 
Uterus, hypogastric nerve preparation with 
(rabbit), 92 
menstrual cycle and contractions of (man), 
553 


post-partum collagen loss from (rat), 502 
pregnancy effect on collagen 
in (rat), 492 


by (dog), 34 
sodium transfer in erythrocytes affected 
| by (tortoise), 421 
| Testis, phosphorus transfer rate into and 
out of (rat), 10 
Thiocyanate, foetal/maternal ™'I ratios 
in (cat), 14P affected by (mammal), 367 
Spinal man, foot blood flow affected by 
raised body temperature in, 11 P 
Spleen, phosphorus transfer rate into and 
out of (rat), 10 
vasopressin inactivation by homogenate 
of (rat), 202 


SUBJECT INDEX 


Vasopressin, inactivation by tissue homo- 
genates of antidiuretic activity of (rat), 
199 

Venous pressure, oxygen content of deep 
forearm venous blood affected by, T, 3P 

Ventilation, blood-pressure response to 
aortic and sinus nerve stimulation 

affected by degree of (cat), 181 


Ventricle, potassium effect on action 
potential of (turtle), 157 
Vitreous humour, bicarbonate content of 


aqueous, plasma and C.8.F. compared 
with (mammal), 454 


Writers’ cramp, apparatus for retraining 
of writing in, T, 53P 
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